Individually shielded monopole antenna array for ultra-high field MRI by Kausar, A.S. M. Zahid
 I 
 
 
 
Individually shielded monopole antenna array for ultra-high field 
MRI 
A S M Zahid Kausar 
MEng Science in Electrical Engineering 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2019 
Queensland Brain Institute 
Centre for Advanced Imaging 
 II 
Abstract 
Magnetic resonance imaging (MRI), which is built on the basis of nuclear magnetic 
resonance (NMR) phenomenon has become one of the popular ultra-modern imaging 
techniques for clinical diagnosis, monitoring, and intervention. Every year thousands of MRI 
scans are performed to acquire information about different internal body organs and soft 
tissues configurations. This leading imaging technique is used to diagnose a wide range of 
diseases like breast cancer, glioblastoma brain tumours, neurodegenerative diseases, and 
knee lesions. MRI modalities become more popular as it does not have any harmful 
consequences on the patient due to its non-invasive features while other modalities such as 
computed tomography (CT) uses ionising radiation. MRI allows early detection of diseases 
like brain tumours or brain abnormalities with better precision due to its non-invasive 
character and excellent soft tissue contrast. 
After numerous researches over the years, we have entered into the era of high and ultra 
high field MRI which has a magnetic field strength of over 3 T. One of the main purposes of 
pursuing towards the research of ultra high field MRI is to achieve high SNR. MRI system 
with higher SNR produces clearer images which increase quantification and localization of 
the targeted body organs. 
Besides numerous advantages, MRI has its drawbacks as well, such as higher motion 
sensitivity, bigger severity of artefacts, amplified sensitivity to physiological noise, higher 
specific absorption rate (SAR) etc. For high and ultra high field MRI the main magnetic field, 
B0 becomes inhomogeneous due to susceptibility effects and B1 field becomes 
inhomogeneous due to wavelength length constraints. At high RF frequencies, there is less 
control in the coupling between RF elements. RF energy absorption increases for higher 
field strength which results in increased SAR. 
Ultra-high field MRI poses a number of challenges for robust radiofrequency coil designs. 
The important qualities of better RF coils are a higher quality factor and suitable 
homogeneous field across the imaging region while the coupling will be minimal. As the MRI 
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technology is approaching towards higher fields, RF coil sizes are becoming larger 
comparing the wavelength of operation. Contemporary RF coil design procedures become 
imprecise for higher field MRI. The coupling between RF coil and dielectric samples like 
human body becomes difficult to control at higher frequencies. Another major consideration 
for RF coil designing in ultra high field MRI is the generation of heat within the imaging object 
due to SAR effect. The challenges can be overcome with the alternate or non-traditional 
design of RF coils and related technologies. 
This PhD study aims to develop alternate of the existing RF coils and its related techniques 
to produce a relatively homogeneous magnetic field with higher field strength. We also 
focused to keep the SAR level minimal and to achieve better decoupling between the RF 
elements and dielectric samples. 
Firstly, we studied monopole antenna array (MAA) and four, eight and twelve elements 
monopole antenna arrays were simulated using 3 T and 7T MRI frequencies. For 
comparison, four, eight and twelve element birdcage coils (BCC) were also simulated. MAA 
performance was evaluated and compared with BCC. A four elements MAA was fabricated 
and bench tested. Comparison of the four, eight and twelve elements designs suggest that 
the MAA leads to better field properties than the birdcage coil in all configurations studied: 
unloaded, loaded with saline and loaded using a head phantom. Improvements in field 
properties and homogeneity were evident at both field strengths, implying that the MAA has 
the potential for head imaging. After studying the results we found that the MAA can 
potentially overcome the key limitations of RF coil designs and may provide a useful 
radiofrequency coil for brain imaging. 
After the successful design of MAA, we found that the proposed array has sufficient but low 
decoupling. We have also found that the field strength is lower towards the middle and top 
of the monopoles while the excitation is at the bottom. We have proposed the individual 
shielding technique to reduce the coupling between elements and increase field strength. 
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We have designed four different types of individual shields and compared the results to find 
the best suitable one for the MAA. Simulations were done and the shields are made in the 
bench to evaluate them in a real environment. The results show us the effectiveness of 
individual shielding by increasing the decoupling and the field strength throughout the 
monopoles. 
The experimental results for the individually shielded MAA shows the increased field 
strength throughout the antenna length. Experimental results also show that the individually 
shielded MAA better signal transmission and low reflection loss. The decoupling results from 
the experiment also well above the standard range. 
Based on our findings, appropriately shielded monopole antenna arrays can potentially 
produce RF coil sensitivity and field uniformity above the benchmark required for ultra-high 
field MRI applications. Such arrays may find use in head imaging applications, wherein RF 
coil insensitivity and field inhomogeneity hinder image interpretation. 
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Chapter 1: Introduction 
 
1.1 Background of MRI 
1.1.1 Overview of MRI basics 
MRI is one of the most modern medical imaging techniques mostly focusing on anatomical 
variations in tissues and organs. After its first introduction in medical imaging in 80s, 40+ 
million MRI scans were conducted in 2019. MRI delivers info about alterations in soft tissue 
configuration and changes inside different internal body organs which assists diagnosis and 
treatment of an extensive variety of diseases [1]. Eventually, MRI becomes increasingly 
popular in healthcare as it is non-invasive and does not harm patients during scanning. Most of 
the MRI hardware related investigation has dedicated to increase the strength of magnetic field 
which is useful for distinctive parameters for example signal to noise ratio (SNR), spatial and 
spectral resolutions [2, 3]. 
MRI is built on the basis of the physical phenomenon named as nuclear magnetic resonance 
(NMR), which is related to protons spin properties in target imaging body. The spin of a proton 
can be imagined as a revolving ball which is revolving around its axis with an angular and a 
magnetic momentum µ. This spinning proton can be induced into a higher energy state using a 
RF pulse. When the RF pulse is turned off, the disturbed longitudinal or transverse 
magnetization being recovered or lost and a signal is emitted through this process. The signal 
generated is in the form of time series data, either a free induction decay or an echo signal. An 
image of a specific body part can be produced with the application of gradient magnetic fields, 
serving the purpose of spatial encoding of time series signals [4].  
 
 
 2 
1.1.2 Hardware Setup for MRI 
An MRI scanner have four basic components (Figure 1.1)- (i) main magnet, (ii) RF coil, (iii) 
gradient coil, and (iv) computer and necessary software for creating images.  
The main magnet is responsible for creating a static magnetic field (B0). The main magnetic 
field strengths in clinically used MRI differ from 0.5 T to 7 T and it can be more than 10 T for 
preclinical research imaging. The main magnetic field is generated by a cooled 
superconducting magnet which is permanently in action and superconductors are submerged 
in liquid helium. The magnetic field uniformity must have to be evaluated to mitigate image 
distortion. The three set  of gradient coils (used to spatially encode in X, Y, and Z directions) 
spatially varies the magnitude of B0 field and also serves the purpose of selecting the field-of-
view of imaging. The RF transmit antenna is used to flip protons to the high energy state and 
the signal produced during relaxation of the protons can either be received using the same RF 
coil or using a specifically built RF receiver coil. Finally, data is transferred to the computer 
and image reconstruction is performed using the console [5]. 
 
Figure 1.1: Shown the basic apparatuses of MRI scanner [6]. 
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Figure 1.2. Basic components of MRI system. 
Standardly, the MRI convention is to have the bore of the scanner aligned with the z-direction, 
also the direction of the main (i.e. static) magnetic field (in clinic referred to as the head-foot 
direction) [7]. The plane perpendicular to the z-direction is referred to as the x-y or transverse 
plane (Figure 1.3). 
 
Figure 1.3. Coordinated system [7]. 
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1.1.3 Proton Spin 
As the spinning proton possesses magnetic moment with an angular momentum, it starts 
rotating around its individual axis. The angular momentum is associated with field strength, 
while the magnetic momentum is obtained using a proportionality constant called the 
gyromagnetic ratio as defined in equation 1.1 [7]. 
𝜇"#"$%& = 𝛾Φ                  1.1 
Usually, in the absence of strong external magnetic field the spinning protons are align 
arbitrarily which makes the overall magnetic moment zero. After the application of strong 
magnetic field, some protons will align parallel and some anti-parallel with B0 according to 
the Boltzmann distribution. The disproportionate alignment of spins results in a net sample 
magnetization (Figure 1.4) [8]. This net magnetization is the foundation of the MR signal after 
the application of RF pulse [7]. 
 
 
 
Figure 1.4. Shown the net magnetization after spin alignment of protons due to strong static 
magnetic field B0 [7]. 
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1.1.4 Physics relating MRI 
i. Larmor Resonance Frequency 
Larmor resonance frequency is the frequency at which protons revolve around the static 
magnetic field. Larmor frequency can be calculated by multiplying the gyromagnetic ratio with 
the main magnetic field strength and the equation is [8]- 
𝑓+,-"#- = ?̅?𝐵0(𝐻3),          (1.2) 
where ?̅? = 42.58𝑀𝐻𝑧/𝑇	for hydrogen. Table 1.1 shows the Larmor frequency for 1H at 
different MR field strengths [8]. 
Table 1.1: Larmor resonance frequencies for 1H at different magnetic field strengths. 
Magnetic field strength B0 
(T) 
Larmor frequency 
(MHz) 
1.5 64 
3.0 128 
7.0 298.2 
9.4 400 
 
The main frequency we have used in this research is 298.2 MHz, along with some parts using 
128 MHz for 7 T and 3 T scanners. 
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ii. RF pulse 
The radio frequency pulse transmits radio frequency energy inducing the proton spins and 
generates net magnetization. After induction, the magnetization vector return back to stability 
which produces B1 (B1+ and B1- field) magnetic field and it is smaller compared to main 
magnetic field B0. Generally, the B1 in frequency domain is defined as [8]- 
𝐵? = 𝐵?,ABA + 𝐵?,DBD + 𝐵?,3B3        (1.3) 
The B1 field is usually divided into two different portions - 𝐵?E, which rotates towards 
precession of the protons and 𝐵?F, which rotates in opposite way (often referred to as transmit 
and receive fields). This two (𝐵?E) and (𝐵?F) can be composed as function of the (B1) field: 
𝐵?E = GH,IEJGH,KL          (1.4) 
𝐵?F = GH,IFJGH,KL          (1.5) 
a is called flip angle which is a function of pulse amplitude and excitation time length (t) and 
can be expressed as-  
𝛼 = 𝛾𝐵?E(𝜒)𝜏.           (1.6) 
 
iii. Signal Recognition 
After RF induction, the protons return back to their equilibrium state via a process called 
relaxation. This has been formalised using Bloch equations which comprises of two different 
phenomena recognized as longitudinal relaxation (T1) and transversal relaxation (T2) [8]. 
𝑀3(𝑡) = 𝑀0𝑐𝑜𝑠𝛼 + (𝑀0 −𝑀0𝑐𝑜𝑠𝛼) U1 − exp	(− &ZH)[    (1.7) 
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𝑀AD(𝑡) = 𝑠𝑖𝑛𝛼 ^exp	(− &Z_)`         (1.8) 
T1 relaxation is called spin-lattice relaxation (Mz), which refers to magnetization recovery 
along the z-direction (equation 1.7). T2 relaxation is named as spin-spin relaxation (Mxy) and 
is related to the loss of magnetization in the transverse direction (equation 1.8). 
 
1.2 Background of Ultra High field MRI 
1.2.1 Overview of Ultra High Field MRI 
Over the years MRI had numerous improvements in many features of the system. Many 
researches have been conducted in techniques to increase the field strength of MRI. MRI field 
is considered to be high when the main field strength becomes higher than 3 T and ultra high 
when field is equal or greater than 7 T. The use of ultra high field MRI improves diagnosis, 
treatment, monitoring and in the development of new therapies [9, 10]. These high and ultra 
high fields MRI present challenges for hardware development as discussed in [11, 12].  
For high and ultra high field MRI B0 field becomes inhomogeneous due to susceptibility effects 
and B1 field becomes inhomogeneous due to wavelength length constraints [13]. At high RF 
frequencies there is less control in coupling between RF elements. RF power requirements also 
increase with the field which results in increased specific absorption rate (SAR) of RF fields in 
tissue. Other safety complications arise from the higher frequency such as the coaxial cables 
start performing as antennas. 
 
1.2.2 Motivation for using ultra high field MRI 
There are numerous advantages of the increased field strength in MR. These advantages 
inspired us to use ultra high field MRI in our research. 
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(i) Enhanced sensitivity- the spin polarization increases by using higher B0 field which 
increases the SNR and image resolution notably [2]. 
(ii) Susceptibility- susceptibility increases sensitivity to tissue magnetic fields effects, such as 
vascular mapping. 
(iii) Spectral resolution- this allows to track different complex fluctuations in metabolites and 
amino acids in vivo and non-invasively [14]. 
(iv) Parallel imaging- can increase the homogeneity and exposure of excitation and reduce scan 
times [15]. 
 
1.2.3 Challenges in ultra high field MRI 
Besides different advantages, ultra-high field MRI has some challenges as well, for example 
higher resolution leads to higher motion sensitivity which affect the images, an bigger severity 
of artefacts, amplified sensitivity to physical noise, and high specific absorption rate (SAR) 
[16, 17]: 
(i) RF inhomogeneity: increased magnetic field strength reduces the Larmor wavelength and, 
at 7T it becomes similar to the magnitudes of the imaging organs. This leads to substantial and 
problematic inconsistencies in images, which relies on the electromagnetic characteristics of 
tissue and considered as a result of destructive B1 interference [18]. 
(ii) Susceptibility effects: this effects creates improved intravoxel signal loss and geometric 
distortion and, consequently, lower quality images of regions having higher field  
nonuniformities. 
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(iii) Increased SAR effects. 
These challenges become worst for bigger field of view (like whole body) and deep inner body 
organs (like prostate) particularly RF diffusion and the consequential inconsistent excitation of 
tissues. Several technical solutions to overcome the problem of inhomogeneity include 
multichannel transmit coils and RF shimming [16]. Alternative solution is the coil array design 
optimization to increase the RF field efficiency, while replacing the coils with antenna can be 
a possible alternative. This thesis is focused on developing some alternative of the conventional 
RF coil. 
 
1.3 Background of RF coils for MRI 
1.3.1 Overview of RF coils 
All MRI system (Figure 1.2 ) is a collection of  different subsystems and each have their 
distinctive essential functionality in producing images of a targeted object [19]. Like other parts 
RF coils have an important role in functioning the MRI system. 
 
1.3.2 Types of RF coil 
This subsection shows a brief outline of different types of RF coils and their applications. RF 
coils can be distinguished according to the form of usage or based on how it is operating. 
Based on from of usage, RF coils can be divided into Surface Coils, Array Coils, or Volume 
Coils. Additionally, by considering operating modes these coils can be either transmit only or 
receive only or tranceive type.  
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(i)Volume Coils  
Usually, volume coils are positioned far from the body surface to cover a big sample volume 
which permits homogeneous transmit and receive sensitivity. The signal of volume coils can 
be driven in quadrature excitation [13]. In quadrature operation, the RF power from the 
amplifier comes in two signals which have a phase difference of 90o . 
There are different types of designs of volume coil exists according to their purposes. The well-
known types are the TEM coil and birdcage coil. Typically, the MRI systems uses a large 
volume coil for transmitting the signal and a surface coil for receiving the signal. 
Volume coils entirely comprise targeted anatomy and are mainly used as transmit coils, 
although, they are capable to be operated as transceive coils. The normal shape of a volume 
coil is cylindrical and it depends upon a circumferential sinusoidal current distribution around 
the tube which runs through the length of the volume coil to generate transverse magnetic field. 
This type of coils such as the birdcage [27] and the TEM [28] were proposed to create 
homogeneous B1 field across the entire disguised volume.  
 
(ii)Surface Coils   
Surface coils are designed based on loop shape like a rectangular or circular shape. These types 
of coils are employed near the relevant region. That means the field of view (FOV) is reduced 
and less noise sources are included. Therefore, this coil type produces images with high SNR 
and penetration depth. The image homogeneity is also compromised. Arrays of surface coils 
can be used to extend the field of view. The surface coils have to be placed perpendicular to 
the main magnetic field. 
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Due to the inhomogeneous field profile, the primary use of surface coils restricts to the receive 
only mode with some exception like the cases where adiabatic pulses are utilized for the 
reformation of the flip angle profile [20, 21].  
 
 
 
 
Figure 1.5 Various types of arrays (A) parallel, (B) decoupled, (C) phased, (D) different loop-
shaped coils [22]. 
 
(iii)Array coils 
As the single coils have limited FOV, it can be increased by combining several coils together. 
The combination of several coils is called an Array of coils. Coil arrays signify a method of 
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gaining higher SNR over a large FOV.  Due to the existence of coils elements which operates 
at the same time, it is essential to plan to reduce the crosstalk between array elements for which 
sometimes the SNR to be compromised. Figure 1.5  highlights several coil array configurations 
[22].  
Coil arrays are used to minimize the imaging time by their capability of localizing the signal 
spatially [23, 24]. Sometimes smaller coils are utilized to increase the SNR in different 
restricted regions. Figure 1.6 shows two different practical array coils [8, 25]. 
   
                                       (a)                                                                     (b) 
Figure 1.6 Two different types practical RF coil arrays. (a) an 8 channel array, and (b) a 16 
channel array [8, 25]. 
 
(iv)Coil types based on modes of operation  
According to the mode of operation the RF coils are mainly distinguished as transmit only and 
receive only (Figure 1.7 A and B). Though, these RF coil operation modes are comprehended 
in distinct coils, there is a possibility where both transmit and receive functions are merged in 
a transceive coil (Figure 1.7 C). The transceive coils are mostly useful for the applications with 
 13 
ultrahigh field MRI and MR spectroscopy due to a lack of body coil [26]. The separate transmit 
and receive coils have the benefit of separately optimizing the coil designs and their operations.  
 
 
Figure 1.7 (A) Receive coil used to pick up the response, amplifies, and digitizes it. (B) 
Transmit coil excites the spins by a signal from the controller, (C) A transceive coil where the 
T/R switch is used to regulate the transmission and reception [19]. 
 
1.3.3 Basic theory of RF coil 
RF coils in MRI are used either as a transmitter or a receiver. Maxwell equations are used to 
describe the electric and magnetic phenomenon which are related to transmitting and receiving. 
Magnetic fields produced by electric current along with a varying electric field can be defined 
using Ampere's law. Ampere’s law states that the line integral of the magnetic field intensity 
in a closed loop is equivalent to the summation of the current surrounded in a path and 
Maxwell's displacement current term. Ampere's law can be explained as below [27]- 
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∮𝐵b⃗ . 𝑑𝑠 = 𝜇0𝐼f + 𝜇0𝜀0 hijk&          (1.9) 
where µ0 is the permeability of free space, e0 is the permittivity of the free space, FE is the 
electric flux. 
As described earlier, after RF pulse an electric field is created by the rotating magnetic field 
due to the altering magnetic flux. From Faraday's law, we know that the electromotive force is 
equals to the rate of change of a magnetic flux passing through the surface. Faraday's law of 
induction as [27]- 
∮𝐸b⃗ . 𝑑𝑠 = − kimk&           (1.10) 
where FB is the magnetic flux. 
A transmitter coil needs to produce uniform rotating magnetic field which must have to rotate 
at Larmor frequency with minimal power requirement. At the same time a receiver coil with a 
high sensitivity at Larmor frequency is needed to be imaged with low noise with high SNR. 
According to the reciprocity principle, the sensitivity of a receiver coil to detect magnetization 
at a specific point is proportional to the coil efficiency of a transmitter generating RF field at 
the same point [28]. Which means, a good transmitter can also be a good receiver with proper 
optimization.  
(i)Coil design 
A RF field comprises with both of the electric and magnetic part that interact with imaging 
body tissues which behaves like lossy dielectric materials. The relations among RF wavelength 
and target body tissues are managed by the different types of material they are passing. 
Different types of tissue determine the velocity of wavelength. Generally, EM radiation passes 
through vacuum at the speed of light [29], c, which is associated with electric permittivity (𝜇0) 
and the magnetic permeability of a vacuum (𝜇0): 
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𝑐 = ?nopqp          (1.11) 
Normally, the wavelength (l) varies depending on frequency (equation 1.11). Therefore, for 
the cases of higher frequencies (300MHz for 7T) wavelengths become small, which makes the 
imaging challenging when the dimension of the region of interest become larger, leading 
towards inadequate radiation field penetration for higher FOV or deep organs. The tissue 
permittivity has different values for wavelengths ranges from 12 to 17cm [30]. 
𝜆 = st            (1.12) 
𝜆&Juuv$ ∝ ?t√qyoy          (1.13) 
The second thing to consider to design a radiofrequency coil is tissue conductivity (sE) as it 
disturbs the distribution of  B1+ which limits the penetration. Moreover, it affects the specific 
absorption rate (SAR) as well as the power deposition. SAR represents the energy absorption 
rate by the human body when exposed to a RF electromagnetic field. In brief, the key target in 
ultra high filed radiofrequency coil design is to reduce RF inhomogeneity and lower penetration 
and maintain acceptable level of SAR. 
 
1.3.4 RLC Equivalent Circuit and Resonance 
The key prerequisite to build an effective RF coil for MRI imaging, is to make a circuit which 
can be tuned to the Larmor frequency. RF coils are best explained according to RLC circuits 
principles [13]. An RLC circuit consists of an inductor (L) which is the conductor in case of 
RF probes, a capacitor (C) having series of parallel connection with the conductor and an 
electrical resistance (R). Being an oscillator the RLC forces the current to oscillate at the 
desired resonance frequency. We can achieve a resonant circuit at a certain frequency when the 
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imaginary parts of the circuit impedance cancel each other. The Impedance (Z) of the coil can 
be expressed with a real and an imaginary part in Cartesian form as: 
𝑍 = 𝑅 + 𝑗𝑋           (1.14) 
Here, R is the electrical resistance and X is the reactance which is the addition of the capacitive 
and inductive reactances and expressed as: 
𝑋 = 𝑋+ + 𝑋~            (1.15) 
𝑋+ = 𝜔𝐿           (1.16) 
𝑋~ = − ?~           (1.17) 
where w is the angular resonant frequency in rad-1. 
The reactance become zero of a resonating coil and in that case the resonant frequency (f0) in 
a LC circuit becomes: 
𝑓0 = ?L√+~          (1.18) 
where f0 is measured in Hz or s-1. 
As the reactances terms nullify each other at resonance frequency, the impedance of the circuit 
become only resistive. The energy in the oscillating circuit can be deposited in the inductance 
as magnetic energy or in capacitor as electric energy. 
In RLC circuit the inductor and the capacitor can be placed either in parallel or series 
configuration. 
In series configuration (Figure 1.8a) the current flowing in the circuit is maximum at resonance 
while the impedance is zero by assuming the components as ideal components. But, ideal 
components possess some resistance which prohibits the impedance to become zero. The 
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current flow in the parallel configuration (Figure 1.8b) during resonance is blocked by a 
hypothetical infinite impedance which condensed to a finite value in actual scenarios. 
        
(a)                                            (b) 
Figure 1.8 (a) Series LC circuit (b) Parallel LC circuit. 
 
1.3.5 Important terms related to coil theory  
(i) Losses 
When the reactance parts of the RF coil components are cancelled due to resonance, the circuit 
resistance dissipates energy through the resistance induced in coil circuit. This induced 
resistance creates from two different types of loss sources-resistive and radiative losses. The 
resistive type losses are the summation of real resistances of the coil components like different 
conductor, surface area, capacitors, solder or the pin diodes. Through careful choices 
components and well design it is possible to reduce this type of losses. On the other hand 
radiative losses depends on the coil design and environment and rises with the field strength. 
 
(ii) Distributed capacitance 
Several distributed capacitors are used in RF coil to reduce the radiative and dielectric losses. 
These capacitors are distributed in series in the coil as [13]- 
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?~ = ∑ ?~           (1.19) 
To maximize the effects of the distributed capacitors a compromise needs to be done between 
capacitor number and coil resistance due to the capacitor resistance and soldered connections.  
 
(iii) Matching 
The RF coil is connected to a preamplifier to transmit signal through a transmission line which 
is usual a coaxial cable. This coaxial cable has a characteristic impedance and it is important 
to match this impedance with the coil impedance to have an efficient power transfer. Normally 
the components are matched with 50W impedance. Reflection of the signal instead of 
transmission or reception occurs due to unmatched circuit which results in a reduced RF power 
delivery of the transmitter and a signal loss in the receiver. The reflection coefficient is defined 
as [13]: 
Γ = BFBE           (1.20) 
where ZTL is the transmission line impedance. 
Theoretically, G= 0 means total power transmission and zero reflections. So, it can be achieved 
when 𝑍s#J = 𝑍Z+. Initially, the coil impedance is different from the cable impedance and 
matching networks are needed to match the coil impedance. 
 
(iv) Decoupling 
Placing multiple coils nearby allows interaction between themselves. According to the 
induction law of Faraday, the electromagnetic field of one coil produces current in other coils. 
Coupling may happen from the coils resonating at the same frequency or different frequencies. 
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It is needed to detune the coils to decouple them while resonating at the same frequency. 
Detuning is performed using passive or active circuit configurations and both of the 
configurations uses PIN diodes. Some of the detuning techniques (Figure 1.9) are described in 
[31, 32]. 
 
Figure 1.9: Parallel active detuning [50]. 
 
(v) Common mode effects 
A tuned and matched coil is known as a balanced circuit which creates differential mode current 
at coil's terminals. But, the transmission line cable which is connected to the coil is an 
unbalanced circuit and creates common mode currents. These effects cause further loss and if 
cable comes in contact can burn. At ultra high field strengths where the signal wavelength can 
be similar as the coaxial cable length, can transform the cable behavior as an antenna.  
For proper and safe operation of the coil it is necessary to minimize the common mode currents 
[13] using a balun device. Baluns are capable of converting balanced to unbalanced currents 
and vice-versa.  
 
(vi)Specific Absorption Rate (SAR)  
Another significant feature of a transmit coil is its capability of depositing RF energy as heat 
in different parts of body. For comparatively lower B0 field (less than 1.5T) where the RF 
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wavelength is large, the energy deposition in the body can be projected. For higher field 
strengths with shorter RF wavelengths safety problem arises due to increased power deposition 
in the body.  SAR explains the possible heating of imaging tissues because of the interaction 
among the electric field of transmit coil and the conductive tissue. 
Distribution of SAR depends on the electrical properties and geometry of the tissue of the 
targeted imaging object, geometry of RF coil, and RF pulses. SAR can be reduced by reducing 
the power and the duty cycle of RF pulses, at the expense of longer scan times and signal loss. 
For the increase of field strength from 1.5T to 3T, the SAR could be quadruple. The setback of 
SAR is more important for the field strengths past 3T [33, 34] and requires appropriate SAR 
management to use the 7T MRI in clinic [49]. Most of the countries allow standard MRI 
systems with a maximum global SAR of 4W per kg per 15 minute exposure [19].  
 
(vii)SNR 
The main purpose of a receiver coil is to accomplish high SNR. Details about SNR has already 
been reported [35, 36]. Different factors that affect the SNR are summarized in Figure 1.10.  
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Figure 1.10. Different factors that affects the SNR. 
 
(viii)Quality Factor  
Quality factor (Q) indicates the loss mechanisms in coils. It is a dimensionless [37] and is a 
ratio of deposited and dissipated energy:  
𝑄 = ,AJ"v"	%$-D	$#uJ&$k$-,$	%$-D	JuuJ,&$k	$-	~Ds$ = +B     
 (1.21) 
where L is coil inductance and RCoil is coil resistance. Q can be loaded or unloaded depending 
on incorporation of sample losses. If sample loss is considered it is called QLoaded and when the 
sample loss is not considered it is called QUnloaded .  
 22 
QLoaded values are in the range of 10–100 and for QUnloaded are from 50–600. The relation 
between the QLoaded and the QUnloaded is an indicator of coil sensitivity.  
𝑄-,&J# =  = BEB        (1.22) 
A good RF coil should have RSample >>RCoil. Qratio < 2 results in lower SNR as the coil noise 
dominates sample noise. Thus, the reduction of RCoil, leads to an improved SNR. When the 
sample noise become dominant for Qratio >>2, a decrease in the loop resistance lead to a very 
small SNR improvement. It is mandatory to keep the losses minimum during the RF coil design 
process.  
 
Figure 1.11. Schematic circuit diagram of a receive only RF coil where the conductive wired 
loop has two tuning capacitors of values  CTune and C, a detuning trap consisting L and D for 
the purpose of detuning the loop during RF excitation, and a capacitor (CMatch) for matching 
the impedance of elements to the impedance of preamplifier which is 50 W and this amplifier 
amplifies the MR signal. This coil has three distinct safety features to prevent heating due to 
the relations of the Tx coil and the receive loop [19].  
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1.4 Background of Antenna Array for MRI 
1.4.1 Introduction  
An antenna array consists of N antenna elements which are separated spatially [38]. The array 
geometry and type of array elements is fixed by the application of the array. One of the benefits 
of antenna array is the tailoring of resultant radiation pattern by changing the amplitude or 
phase of the excitation of an array element. As the variation of amplitude is complex, phase 
variation is the more realistic option for gaining adaptive performance. Antenna arrays have 
major applications in smart antennas, gps and communication devices.  
In this section we will present a brief discussion about the fundamental components antenna 
array to be able to use it for our desired MRI application. 
 
(i) Array factor 
The array factor is related to array elements, array geometry, and the excitation vector. 
Considering a 2D array of four isotropic elements like the one in Figure 1.12, the array factor 
can be calculated as [39]- 
𝐴𝐹 = 𝐼?𝑒£¤p-̂.-H¦¦¦ + 𝐼L𝑒£¤p-̂.-_¦¦¦ + 𝐼§𝑒£¤p-̂.-¨¦¦¦ + 𝐼©𝑒£¤p-̂.-ª¦¦¦     (1.23) 
where In is the amplitude of the excitation field, r is the separation between elements and 𝑘0 =𝜔n𝜇0𝜖0 is the propagation constant for free space. During this calculation the mutual coupling 
is considered as zero. 
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Figure 1.12. Two dimensional array of four components (1,2,3, and 4) where, d is the distance 
between the elements. 
 
By considering same phase amplitude with phase variation, we found- 
 In = I1 = I2 = I3 = I4         (1.24) 
The separation between the array elements is calculated as- 
?̂? = ?¯?𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 + ?¯?𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙 + ?̂?𝑐𝑜𝑠𝜃      (1.25) 
𝑟?³ = ?¯?𝑑 + ?¯?𝑑,							?̂?. 𝑟?³ = 𝑑𝑠𝑖𝑛𝜃(𝑐𝑜𝑠𝜙 + 𝑠𝑖𝑛𝜙),     (1.26) 
𝑟L³ = −?´?𝑑 + ?¯?𝑑,							?̂?. 𝑟L³ = 𝑑𝑠𝑖𝑛𝜃(−𝑐𝑜𝑠𝜙 + 𝑠𝑖𝑛𝜙),     (1.27) 
𝑟§³ = −?´?𝑑 − ?¯?𝑑,							?̂?. 𝑟§³ = 𝑑𝑠𝑖𝑛𝜃(−𝑐𝑜𝑠𝜙 − 𝑠𝑖𝑛𝜙),     (1.28) 
𝑟©³ = ?¯?𝑑 − ?¯?𝑑,							?̂?. 𝑟©³ = 𝑑𝑠𝑖𝑛𝜃(𝑐𝑜𝑠𝜙 − 𝑠𝑖𝑛𝜙)     (1.29) 
where q is the elevation angle and f is the azimuth angle. 
Substituting equations (1.24) to (1.29) into equation (1.23) gives us-  
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𝐴𝐹 = 𝑒£¤pk	uJ%µ(s#u¶EuJ%¶) + 𝑒£¤pk	uJ%µ(s#u¶FuJ%¶) +𝑒£¤pk	uJ%µ(Fs#u¶FuJ%¶)+𝑒£¤pk	uJ%µ(Fs#u¶EuJ%¶)     (1.30) 
Equation (2.4) can be more simplified to- 
𝐴𝐹 = 𝑒£¤pk	uJ%µs#u¶. 2 cos(𝑘0𝑑	𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙) + 𝑒F£¤pk	uJ%µs#u¶. 2 cos(𝑘0𝑑	𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙)= 2𝑐𝑜𝑠(𝑘0𝑑	𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙)º𝑒£¤pk	uJ%µs#u¶ + 𝑒F£¤pk	uJ%µs#u¶» 
𝐴𝐹 = 4 cos(𝑘0𝑑	𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙) cos	(𝑘0𝑑	𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙)      (1.31) 
In its normalised form, the obtained array factor is written as 
𝐴𝐹%#-" = cos(𝑘0𝑑	𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙) cos	(𝑘0𝑑	𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙)      (1.32) 
 
(ii) Array elements 
IEEE have defined an array element as “a single radiating or a convenient grouping of radiating 
elements that have fixed relative excitations" [40]. The omni directional antennas radiates 
continuously in a single plane and known as non directive antennas. It is easy to achieve wide 
angle steering by using the omni directional antenna which enables the opportunity to gain 
highest directivity at a specific angle in the operating plane. Directive radiation patterns for a 
four monopole circular array are shown in Figure 1.13 [38]. 
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Figure 1.13 Normalised radiation patterns for four monopole array where the array factor 
maximum steered to 30° and 270°. Blue dark straight line showing the direction of maximum 
directivity [79]. 
 
(iii) Array geometry 
For the N>1 array elements it is possible to have an infinite number of geometries. The 
application of the array defines the geometry of an array. Here, we will present a brief idea 
about two uniformly spaced array geometries because of their simplicity. 
In a uniform linear array the elements are placed in equal separation through a straight line. 
Such kind of arrays have higher directional gain in a specific direction, as an example the 
broadside or end fire arrays [38]. The uniform linear array possess the simplest geometries 
which can be designed and analysed easily. The array factor for a dipole uniform linear array 
(Figure 1.14) can be found as [38]- 
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𝐴𝐹 = 1 + 𝑒E£(¤pks#uµE¼) + 𝑒E£L(¤pks#uµE¼) + ⋯+ ++ 𝑒E£(F?)(¤pks#uµE¼) 
𝐴𝐹 = ¾ 𝑒E£("F?)(¤k	s#uµE¼)"¿?  
𝐴𝐹 = uJ%^À_¤pk	s#uµE¼`uJ%^H_¤pk	s#uµE¼` 𝑒£H_(F?)(¤pk	s#uµE¼)      (1.33) 
 
Figure 1.14 Topology of a uniform linear array. Here, d is the linear distance between the 
elements, q is the radiation direction [79]. 
 
The maximum array factor can be achieved when 
12 (𝑘0𝑑	𝑐𝑜𝑠𝜃 + 𝛼") = ±𝑛𝜋,													𝑛 = 0,1,2, … .. 
And the maximum radiation direction (q0) can be found as- 
𝜃0 = 𝑐𝑜𝑠F? Å−𝛼" ± 2𝑛𝜋𝑘0𝑑 Æ 
Uniform circular arrays are circular shaped arrays where the elements are placed in an equal 
distance along the circle. This type of array can achieve wider angle steering and higher 
directive gain across a spatial plane. The array factor for a monopole uniform circular array 
(Figure 1.15) [38] can be found as- 
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𝐴𝐹 = 𝑒£[¤pkuJ%µ ÈÉÊ(¶F¶H)E¼H] + 𝑒£[¤pkuJ%µ ÈÉÊ(¶F¶_)E¼_] + ⋯+ 𝑒£[¤pkuJ%µ ÈÉÊ(¶F¶)E¼] =∑ 𝑒£[¤pkuJ%µ ÈÉÊ(¶F¶)E¼]"¿?         (1.34) 
 
Figure 1.15. Topology for a uniform circular array [79]. 
 
The maximum array factor value can be achieved when 
𝑘0𝑑𝑠𝑖𝑛𝜃0 cos Å𝜙0 − 2𝜋𝑀 Æ + 𝛼" = ±2𝑛𝜋													𝑛 = 0,1,2… .. 
 
1.5 Literature Review 
1.5.1 RF coil technology 
Since the re-entrant cavity resonator demonstrated by Purcell et al [41] and transmit and receive 
coil by Bloch et al [42], RF coils have advanced from wire wound solenoids to complex 
multichannel models. Existing high and ultra high field MRI scanners are constrained by field 
inhomogeneity and by limitations associated with SAR. The use of multiple transmit channels 
allows shimming which uses the constructive and destructive interferences of RF signals from 
different antennas. Besides, the number of receiver elements can also be increase to be 
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benefited from the image acceleration. Coupling issue arises when the channel number 
increases, for which decoupling methods are needed.  
There are some recent trends in the research of RF coils for MRI. One of them is the use of 
metamaterials to build the RF coils or different coil related elements. A novel technique of 
decoupling using metamaterial is presented in [43]. This metamaterial coils are introduced in 
order to solve SAR problems and reduce image inhomogeneity [44]. The metamaterials with 
their effective material properties influence the RF field and explain different electromagnetic 
properties.  
Another recent trend is to use wireless or optical technology in RF signal transmission to 
simplify coil handling. Due to the increased number of receivers, the cabling issue is a 
challenge in designing RF coils. The increased number of cables increases the coupling 
between coil elements and cables and also lead to space and weight limit. The wireless RF coils 
are more safe as they eliminate baluns from the design [45, 46]. 
Some researchers have introduced stretchable RF coil elements. Particularly for the receiver 
coil which has to closely fit to different shapes and sizes. For different parts of the body needs 
a distinct local RF coil which results in many coils in clinic and demand space and training for 
their suitable use. Thus, the goal of stretchable coil is to build a coil to fit for all [47, 48]. 
Flexible arrays [49] and adaptive RF coils [50] are introduced to increase SNR and also enables 
imaging for different patient physique. As the adaptive RF  coils have the problem of changing 
the  tuning and matching  for different loads, automatic tuning and matching approaches have 
been presented [51, 52]. Latest coils use a special conductive material which allows better 
flexibility and are able to preserve the electromechanical properties [53].  
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Another trend is to use multituned coils [54]. These multitoned coils can be tuned into different 
frequencies to spot RF signals from different nuclei. Nuclei except hydrogen are not many in 
number which are MRI observable and hence the SNR is very low. 
Table 1.2. Different RF Coils for higher field MRI grouped according to their applications. 
Application Coil type Number of channels References 
min max 
Head or brain Birdcage, Surface Coil 
and Arrays, Dipole 
arrays 
4 128 [55-59] 
Spine Surface coil and their 
arrays 
15 75 [60, 61] 
Limbs Volume coil, adaptive 
coil array 
2 32 [49, 50, 59, 62, 63] 
Breast and abdomen Arrays of surface coils 6 32 [64-66] 
Prostate Spiral coil, micro coil, 
surface coil, 
1 6 [67-69] 
Whole body Dipole array, surface 
coil array, adaptive 
array 
12 128 [33, 43] 
 
A list of different coils along with their applications and properties are shown in Table 1.2 with 
references. 
 
1.5.2 The evolution of RF coil technology 
NMR receiver was first introduced and explained by Hoult in 1978 [70]. As the single segment 
RF coils for different body regions had to move several times for imaging bigger body parts, 
ladder arrays were introduced in 1990. Initial MRI systems were capable of handling only one 
quadrature channel at a time to receive signal, while the use of ladder arrays with multi element 
was a massive step [71].  
 31 
Shortly after the introduction of MRI, scientists realized that a small RF coil can be utilized to 
image with minor region of interest by close fitting with the region. As closely fitted RF coils 
allows more localized higher SNR, this method resolved the drawback of lower SNR in high 
resolution MRI. Ackerman et al placed a small RF coil on sample surface in 1980 and achieve 
higher SNR [72]. This type of smaller local coils are called surface coil and they behave like 
spatial filter which eliminates noise coming from exterior of FOV. Surface coils were first 
presented by G. Surygan in 1951 while advanced by J.R. Singer in 1959. These RF coils have 
a key part in accelerating the spectroscopy, dynamic imaging, and different experiments using 
MRI [73].  
The development of smaller surface coils introduced by reduction of coil loop size, demanded 
attention of noise domination. The process of noise dominance governs the loss area and 
consequently results in lower SNR. Cooling of RF coils was a technique for earlier coils to 
keep it in sample noise dominance. But, generally for recent systems the sample noise 
maintains dominance  without the use of cooling, as the coil sizes are not too small [74].  
The ladder arrays with switched loop elements, where individual elements received MR signal 
by detuning other coil elements, were introduced to regulate array sensitivity pattern for 
optimizing single receiver to utilize in the arrays [60, 75, 76]. Roemer et al  suggested phased 
array technique in 1990, where small coil elements were fed into independent receive channels 
[77, 78]. Overall signal can be enhanced by utilizing large number of smaller antennas [79]. 
After the introduction of phased array technique by Roemer et al, Hayes et al investigated the 
use of phased array technique in volume imaging [80].  
Shortly, the prospect to integrate the spatial heterogeneity of RF coil elements from RF arrays 
in reforming the images. Spatial variance of radiofrequency fields among different receivers 
was utilized for accelerating the process of image acquisition known as parallel imaging.  
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For ultra high filed, 1H has a wavelength which is smaller than human body. For this reason, 
the conventional near field approximation in designing RF coils have no longer in use. That’s 
why, the antenna theories are being investigated as different means to transmit or receive RF 
signals. In last decade, different researches have initiated to use different RF antennas for ultra 
high filed MRI, as an example the dipoles antennas, patch antennas, monopole antennas, and 
many more, to enable homogeneous B1 field and better efficiency despite shorter wave length 
[55, 81]. 
 
1.5.3 Antenna arrays for MRI 
Although the idea of using antennas instead of a coil arrangement is not new, it has not been 
adopted for practical MRI studies. Yet, monopole antennas have successfully been used in 
different fields across a range of applications due to their attractive merits like structural 
simplicity, cost effectiveness, ultra-wideband features, and omnidirectional radiation patterns 
[82-86].  
The use of dipole antenna can be crucial to achieve more localized SNR. The dipole antennas 
are well used in different fields like communications, astronomy, etc. and are still quite 
anonymous in imaging. Several researches are found in MRI using different types of dipoles- 
single sided dipole antenna [87], fractionated dipole [55, 88], circular dipole antenna [89], 
folded dipole antenna [90] and combinations of loop coils and dipole antennas [56]. Dipole 
antennas have better potential than the standard loop coils to be used in ultra high field MRI, 
where the wavelengths are shorter than tissue dimensions [91, 92]. 
In recent studies a modified one-sided dipole antenna was introduced for 7 T body imaging 
[93], and an array of dipole antennas for 7 T brain imaging [92]. However, the 50 cm length of 
antennae were too extended to be used in 7 T for human brain imaging due to shoulders 
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hindering access to the centre of the field-of-view. Therefore, researchers have introduced the 
folded design [93] alongside manipulating the substrate between the antennas and skin to 
reduce reflected waves  [92]. These modifications led to the folded design having 
electromagnetic radiation loss near the folds, and the substrate required direct contact with the 
skin for effectiveness. The latter becomes a problem, as natural variation in humans leads to 
the requirement of individualized coils.  
 
1.6 Problem statements of RF coils in UHF MRI 
One of the major technical hurdle in execution of ultra high field MRI systems is the lack of 
suitable RF coils [94, 95]. The important qualities of RF coils are higher quality factor and 
suitable homogeneous field across the imaging region [96-100]. As the MRI technology is 
approaching towards higher fields, RF coil sizes are becoming larger comparing the 
wavelength of operation. Contemporary RF coil design procedures, which are quasi-static at 
lower frequencies, become imprecise for higher field and RF coils which can be proficient at 
higher frequencies are difficult to be design. The ultra high field MRI technology introduces 
extensive challenges in the form of ancillary hardware engineering mostly related to the RF 
coil [94, 97, 101]. This difficulty is due to higher tissue dielectric and conductive losses 
combining RF energy radiation [102-105]. For field strength of 7 T to 11 T, the Larmor 
frequency become approximately 300 MHz to 470 MHz which demands countless attention to 
the theory of electromagnetism needed for RF coil design [99, 106, 107]. The coupling between 
RF coil and dielectric samples like human body becomes important at higher frequencies [108-
111] which can cause additional disruptions both in the field and coil current distribution in RF 
coil. So, it is obvious to consider the interactions of RF coil and human body during the design 
of ultra high field RF coils [111-113]. 
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Another major consideration for ultra high field RF coil design is the safety. Electromagnetic 
interaction between the patient and coil has significant interest in biomedical engineering 
studies [114-118]. As example, recent researches have been done on the effects of 
electromagnetic energy in human head models due to mobile phone radiation [114, 119], 
transcranial magnetic stimulation hyperthermia [120, 121] and RF fields in MRI [105, 117, 
118, 122-125]. Being one of the relatively safe technique, MR absorbed RF energy which 
causes heat within imaging object. The absorption of RF energy increases for higher field 
strengths. Normally, the RF energy absorbed by the patient's tissues becomes four times higher 
at 3T than 1.5T [126]. For higher field strength, this energy absorption leads towards 
prospective body heating as result of higher electromagnetic energy deposition which brings 
the safety issue for the clinical applications of ultra high field MRI. 
 
1.7 Goals of this research 
From the above discussion we know that the RF coils for high filed MRI have a major problem 
of inhomogeneity in the B1 field. So, our main aim is to build a RF coil or antenna array to 
achieve better field homogeneity. 
As the elements in an array of RF coils or antennas suffer mutual coupling problem, our 
objective is to develop some technique to reduce the coupling in an efficient way for higher 
field MRI.  
As field strength is a measure of better imaging, we also have goal to achieve better field 
strength inside the array. 
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1.8 Organisation of the thesis 
This dissertation comprises of this introductory chapter where research background is 
discussed. The details literature review has been presented here in this Chapter 1 along with 
theoretical background of the research.   
Chapter 2 provides details about the aims and objectives of our studies. We have presented the 
aims and objectives with a brief idea about the way we want to achieve the goals.  
In Chapter 3 we study the feasibility of substituting conventional birdcage coils with monopole 
antenna array (MAA) to generate better field homogeneity. Details comparison has been 
performed between the birdcage coil and MAA for different parameters to show the 
effectiveness of the proposed MAA. A prototype of the design is fabricated and tested in the 
bench to validate the design. 
Chapter 4 provides the introduction of the individual shielding and theoretical background of 
it. Four different types of shielding geometries are simulated and few results are included here. 
Comparisons are done with unshielded antenna array to show the achievement with the shield. 
The achievement of decoupling using shield is also discussed here.  
Chapter 5 presents integration of monopole array and individual shielding. Prototype of four 
monopole antenna array along with three sided shielding technique is presented here. Results 
from this chapter demonstrate the achievements in decoupling and field strength incretion due 
to shielding.  It also shows the increase in field homogeneity inside the imaging area.  
Chapter 6 represents the details experimental works of this study. It shows the details 
fabrication procedure of MAA from initial prototype to the final head array. It also 
demonstrates the details fabrication of different shields. Detail results showing tuning, 
matching and decoupling of MAA with and without shields are presented. Field strength 
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measurements for the array without and with shield throughout the monopole length is also 
presented.  
Chapter 7 concludes the thesis with details discussion on the simulation and testing results of 
MAA along with the comparison with the existing coils and arrays. It also has directions for 
future works. 
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Chapter 2: Aims & Objectives 
 
2.1 Introduction 
This brief chapter is for elaborating our aims of this research and the way we planned to achieve 
that.  
 
2.2 Aims and objectives 
2.2.1 To Design Monopole Antenna Arrays 
After extensive study about different existing RF coils we have detected several shortcomings 
to define for the use of RF coils for ultrahigh field MRI. After getting a clear idea about the 
limitations of RF coils we have done studies for potential alternatives of conventional RF coils 
for UHF MRI. From the literature we have found that few researches have been done using 
antenna as an alternative and the basic principles of RF coil and antenna are similar. We have 
also found that the design of antenna is less complicated and cheaper than the existing 
conventional RF coils.  
We have then sorted out about which type of antenna will be used. We have found a possibility 
of using monopole, dipole, loop and different other types of antenna for UHF MRI. After 
further investigation we have decided to go for monopole antenna for UHF MRI. We have also 
studied about the antenna array, as a single antenna is not enough for imaging.  
After finding out the superiority of antenna over the RF coil from the literature we have decided 
to design monopole antenna for UHF MRI. For this we have studied the design procedure of 
monopole antenna, different parameters, and suitable geometry for our desired UHF MRI. 
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Finally, we have simulated monopole antenna array of four, eight and twelve monopoles. We 
have also simulated the antenna array for 7T and 3T MRI.   
For comparing the results of the proposed monopole antenna array we have also designed a 
conventional birdcage coil and simulated the coil in the same platform of monopole array. This 
coil is also designed and simulated for 7T and 3T and has four, eight and, twelve rungs. 
After completing the designs, we have studied the effects of different coil parameters like the 
field strength, number of rungs or monopoles, shielding, different loading etc. On the basis of 
these studies we have found the suitability of antenna array for UHF MRI. 
Finally, we have compared the results for antenna array and birdcage coil on the basis of 
different coil parameters. From these comparisons we have found some shortcomings of our 
proposed antenna array which helped us to plan the next part of our research.  
 
2.2.2 To Design RF Shielding for Monopole Antenna Array 
After completing the design and fabrication of monopole array we found that the design lack 
of sufficient field intensity at the upper end of the antenna. There is also some coupling between 
the monopole in the array. So, we have evaluated different ways of getting better field strength 
and decoupling and we got shielding as a result. We have introduced the concept of individual 
shielding in the UHF MRI. 
We have done design and simulation of different types of shielding geometry along with their 
position in the array. In this process we have simulated four different types of shielding 
geometry for the individual shield. 
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We have also evaluated decoupling using the individual shield. We have studied different 
literature where researchers have used shield for decoupling and designed our proposed 
individual shield to serve as a decoupling technique.  
Finally, we have compared our unshielded antenna array design with the shielded antenna 
array. We have also compared the results of four different design of individual shield to find 
out the best design for our research.   
 
2.2.3 To Fabrication and Testing  
Initial fabrication of monopole antenna array was done to test the suitability of monopole array. 
We have fabricated four and eight elements monopole array and bench tested. After getting 
desired results we fabricated four and eight elements monopole array to be tested with some 
phantom. Final version of the array was fabricated with four monopoles for the human head. 
According to the simulation we have built four different types of copper shield and tested them. 
Later we have placed them around each and every elements of the antenna array. Results were 
taken for all of the shield types.  
As tuning and matching are very important for the array, we have tested few techniques. The 
antenna array was tuned to 7T MRI and matched with 50W transmission cable.  
We have performed different bench test to make sure the antenna array design is suitable for 
head imaging. Bench testing was done in different stages of the fabrication process to make 
sure the fabrication was done according to the simulation. 
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Chapter 3: Methodology and Design of RF antenna array 
  
Abstract- 
Ultra-high field magnetic resonance imaging poses a number of challenges for robust radio 
frequency coil designs. A monopole antenna array can potentially overcome key limitations of 
birdcage coil designs and may provide a useful radio frequency coil for brain imaging.  
Four, 8 and 12 element monopole antenna arrays were simulated using 3 T and 7T magnetic 
resonance imaging frequencies. For comparison, 4, 8 and 12 element birdcage coils were also 
simulated. Coil performance was evaluated and compared and the impact of shielding was 
assessed. A 4 element monopole antenna array was fabricated and bench tested.  
Comparison of the 4, 8 and 12 element designs suggest that the monopole antenna array leads 
to better field properties than the birdcage coil in all configurations studied: unloaded, loaded 
with saline and loaded using a head phantom. Improvements in field properties and 
homogeneity were evident at both field strengths, implying that the monopole antenna array 
has potential for head imaging. The monopole antenna array also appears to be more efficient 
than the comparable birdcage coil design. Additionally, the former is scalable via the addition 
of more elements whereas our results suggest that this is not the case for the latter. Bench 
testing results show that the monopole antenna array is well matched with the transmission 
line, and mutual coupling between elements is sufficiently low.  
We found the monopole antenna array generated a larger field intensity than the birdcage coil 
design, whilst also producing a more useful magnetic resonance imaging field as measured by 
radio frequency field homogeneity. Our study suggests that magnetic resonance imaging of the 
brain can likely benefit from the use of radio frequency monopole antenna arrays. 
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3.1 Introduction  
 
Radio frequency (RF) coils are an essential component of a magnetic resonance imaging (MRI) 
system. They are used for pulse transmission and signal detection, and can be tailored to 
optimise imaging of specific body parts  [127, 128]. Magnetic resonance image quality is 
affected by the function and design of the RF coil, hence considerable effort is expended on 
developing coils for specific applications. RF coils must be customised to specific frequencies 
and scanners as RF coils are made to transmit and receive time varying magnetic fields. These 
fields vary around the scanner Larmor frequency, as defined by the scanner field strength. To 
achieve a certain frequency, given limitations on physical size, and to improve coil efficiency 
and allow for tuning and matching, capacitive and inductive components are routinely used in 
RF coil designs [129]. As a consequence, coil layout can differ vastly between different designs 
and applications. Prominent designs include surface coils with a limited field-of-view but high 
sensitivity, volume coils such as the birdcage coil (BCC) with a comparatively large field-of-
view but with decreased sensitivity, and transverse electromagnetic coils which are tailored to 
ultra-high field applications.  
Transmit and receive body coils currently used in cylindrical MRI scanners are BCCs. The 
BCC comprises of two circular conductive loops or end rings, connected by an even number 
of equally spaced conductive elements referred to as rungs, legs or elements. The number of 
rungs generally changes with coil size and frequency. Capacitors are used in the end ring and 
often in the rungs as well, to be able to set the coil size and frequency. In transmit mode a 
sinusoidal current is applied at the end rings and a homogeneous magnetic field is formed 
around the Larmor frequency in the field-of-view of the coil [130]. 
BCC construction becomes more challenging as  operating frequency increases with increasing 
MRI scanner field strength [131], because the product of coil capacitance and inductance must 
be reduced. At high frequencies (3 T MRI and above) individual coil rungs become 
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increasingly sensitive to changes in loading and impedance. Changes in rung impedance may 
result in deterioration of the transmit RF field or reduction in sensitivity. This problem can be 
overcome by reducing the coil size and incorporating tuneable capacitors into the rungs. 
However, this solution limits the practical use of the coil as either the coil field-of-view 
becomes too small or tuning and matching is required on each rung for each scan [131, 132]. 
The use of variable capacitors also leads to increased parasitic inductance and hence degrades 
the efficiency of the coil.  
The physical size of the BCC is inversely proportional to the signal-to-noise ratio achieved in 
the field-of-view [133]. For brain imaging, tailoring a BCC to the human head, provides 
significant benefits in terms of MRI quality. However, the relatively large number of capacitors 
in BCC designs makes them vulnerable to RF interference, particularly at high field. Shielding 
can help to reduce RF interference but also decreases the signal-to-noise ratio. Recently, a one-
sided dipole antenna [93] and an array of dipole antennae [92] were described for 7 T MRI. 
The 50 cm dipole antennae were too long for human brain imaging applications as the shoulders 
prevented access to the centre of the field-of-view. A folded design was introduced to overcome 
this limitation [93] and, the substrate between the antennae and skin was later manipulated to 
reduce reflected waves [92]. Electromagnetic radiation losses were shown to occur near the 
folds. Ultimately, this design is impractical as the substrate has to be in direct contact with the 
skin to be effective. Whilst monopole arrays have been characterised for a wide range of 
applications including MRI [82-86], their use in MRI has not been extensively investigated. 
Features such as a simple structure, low cost, ultra-wideband characteristics and 
omnidirectional radiation patterns make them attractive for MRI applications. An extended 
monopole antenna array (MAA) for 7 T MRI with individual shields was described recently 
[134]. Capacitors in each of the monopoles were used to increase the field-of-view and improve 
field uniformity in the axial direction. Although this design shows promise, the relatively large 
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mutual coupling between monopoles impacts upon coil efficiency. An initial investigation 
proposed the use of a simple monopole array for 7T MRI and performance was measured 
against a loop coil [19]. However, the monopole array could only be placed down to the 
shoulders, limiting its use for full brain imaging. In addition, eddy currents were also identified 
to be excessive based on the design.  
Our aim is to further investigate the utility of a monopole array for head imaging at 3 T and 7 
T MRI. We simulated 4, 8, and 12 element monopole array designs at both 3 T and 7 T MRI 
frequencies. We benchmarked MAA performance against BCC simulations and made 
comparisons with the results previously published for the dipole antenna array design. 
Benching testing was performed on a fabricated 4 element MAA.  
 
3.2 Methodology 
3.2.1 Theoretical considerations  
Monopole antennae are the simplest kind of RF antennae and comprise a single linear element, 
with the length of the monopole being equal to the quarter wavelength (Figure 3.1). The length 
(L) for of the monopole antenna is defined as [135] :                                          
                                                                                            (Equation 3.1) 
where  is the wavelength, c is the speed of light, f is the frequency and k is used to adjust the 
length of the monopole. Notably, k compensates for propagation speed and is close to 1 if the 
wire diameter is thin compared to the free-space wavelength [136-139]. A MAA can be created 
using a number of individual monopoles.  
monopole 0
1 1 ,
4 4
cL k k
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Figure 3.1. The geometrical specifics of quarter wave monopole antenna. 
 
In contrast, the BCC consists of two circular conductive loops referred to as end rings, a number 
of conductive straight elements called rungs or legs, and lumped capacitors on the rungs, end 
rings or both [140]. According to the position of these capacitors in the coil layout, three types 
of coils can be created: low-pass, high-pass or band-pass. To generate the desired homogeneous 
RF field in the BCC when operating at a specific Larmor frequency, currents in the rungs must 
be sinusoidal to function in Mode 1 [141]. The generation of a sinusoidal current distribution 
in the rungs and the desired homogeneous B1 field at the Larmor frequency, depends on the 
capacitors used in the rungs and end rings. It is also desirable to have the working mode of 
operation away from other modes of operation to be able to tune and match the coil [142]. 
 
3.2.2 Simulation environment 
Simulations were used to model monopole arrays and BCCs for MRI of the human head at 3 
T and 7 T. Our primary target was to achieve a homogeneous magnetic field in the field-of-
view of the coil. All simulations were performed using COMSOL Multiphysics 5.0. Hydrogen 
Larmor frequencies at 3 T and 7 T are 127.74 MHz and 298.2 MHz, respectively. The designs 
were optimised through repeated simulations and by systematically changing coil parameters.  
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We designed both MAAs and BCCs using 4, 8, and 12 elements. BCCs incorporated a single 
capacitor positioned at the midpoint of each rung. The capacitance value of the capacitors, 
required to achieve resonance and match to 50 Ω, was found through optimisation within the 
simulation environment. The length of the BCC was 300 mm and its diameter was 240 mm. 
The conductors used to build each monopole antenna were 550 mm in length and 2 mm in 
width for 3 T, and 250 mm in length and 2 mm in width for 7 T. The diameter of both arrays 
was 240 mm.   
A cylindrical saline phantom with a height of 170 mm and diameter of 150 mm was simulated 
with a dielectric constant of 78 and conductivity of 1.96 S/m. Simulations were also performed 
for a human head phantom, with a relative dielectric constant of 78 and  conductivity of 0.55 
S/m, as described previously [143]. Using the simulation environment, we studied the effect of 
(i) Larmor frequency, (ii) planes and slices, (iii) number of excitation ports, (iv) loading and 
unloading, (v) electric field and specific absorption rate (SAR), (vi) number of coil and antenna 
elements and (vii) shielding on the magnetic field homogeneity achieved in the field-of-view 
for each design. 
 
3.2.3 New design and simulation of monopole antenna array 
The example MAA shown in Figure 3.2 has 12 monopole antennae mounted on a dielectric 
substrate. Separate coaxial lumped ports were used to feed each of the monopole antennae. 
Excitation was achieved using a single port, two ports (quadrature mode), and all ports 
(birdcage or circular polarization mode). The exterior conductor of each coaxial port is 
connected with the ground plate situated on the bottom of the dielectric substrate. The dielectric 
constant of the substrate was set to 3.38. Our simulation used Teflon, which has a dielectric 
constant of 2.1, as the material used to fill the space between the inner and outer conductor of 
the coaxial cable. The angular difference between antenna elements was 30o. Increasing the 
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number of elements decreases the angular difference, increasing antenna gain but also 
producing unwanted grating lobes [144].  
 
 
 
Figure 3.2. The layout of the monopole antenna array within the spherical simulation domain.  
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For impedance matching, we simulated circular metallic patches etched on the top of the 
substrate and connected to the corresponding monopole radiator. These patches compensate 
for the inductance introduced by the monopole arrangement and allow impedance matching to 
the reference impedance of 50 Ω. All conductive components of the array were modelled as 
perfect electric conductors. We placed the antenna in a spherical domain and automatically 
controlled fine meshing was used for domain decomposition. 
 
3.2.4 Birdcage coil simulation 
Figure 3.3 shows the geometry of the BCC and how it is positioned around the human head 
phantom. The capacitors in the rungs were used to change the resonant frequency of the coil 
and field homogeneity inside the field-of-view. RF shielding was placed outside the coil. Coil 
surfaces and the shielding were considered to be perfect electric conductors. Lumped ports 
were used to feed the coil, while the capacitors were demarcated using lumped elements. The 
absorbing boundary condition was used on the surface of the spherical domain in which the 
coil was simulated. The capacitors were varied via a parametric sweep. Field homogeneity was 
assessed by calculating the standard deviation of the magnetic field throughout the phantom. 
Automatic meshing was used and the maximum mesh element size was limited to 1/6th of free-
space wavelength. Simulations using a human brain phantom were also performed.  
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Figure 3.3. Geometry of the birdcage coil used in the simulations showing the field-of-view of 
imaging of the head phantom. 
3.2.5 Specific absorption rate 
With respect to coil design, excessive SAR values can lead to undesirable or dangerous heating 
of objects within the magnetic field [145]. The SAR value can be calculated as [146]: 
                                                                                                             (Equation 3.2) 
where σ, E and ρ are the tissue conductivity, total electric field and its density, respectively. 
From Equation 3.2 it can be seen that SAR is proportional to the square of the electric field. 
Hence, we produced maps of the electric field as a surrogate for SAR.  
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3.2.6 Fabrication of the newly designed monopole antenna array 
A monopole array with 4 monopoles was fabricated using copper strips (Figure 3.4). The 
diameter of the array was 200 mm and the height of the antenna was 190 mm. Data were 
collected using an HP 8712B network analyser.  
 
Figure 3.4. The fabricated 4 monopole antenna array with phantom inserted inside the coil. 
 
3.3 Results 
3.3.1 3T and 7T magnetic field homogeneity 
Both the BCC and MAA designs were configured using 12 elements with all ports excitation. 
Figure 3.5A and Figure 3.5B show the magnetic fields for the human head phantom for the 3 
T and 7 T BCCs. The BCC achieved better homogeneity throughout the centre of the head at 
3 T in comparison to 7 T. The field near the coil was better at 7 T as a dark region was visible 
at 3 T. The 3 T MAA design has better field homogeneity both inside and outside the head and 
a larger coverage than the 7 T MAA design, as illustrated in Figure 3.5C and Figure 3.5D. In 
comparison to the BCC design (Figure 3.5A-B), the MAA design (Figure 3.5C-D) at 3 T shows 
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better field homogeneity, both inside and outside the head, and a larger region of RF field 
homogeneity.  
 
                                (A)                                                              (B) 
 
                                    (C)                                                                   (D) 
Figure 3.5. The B1 field intensity maps in the presence of the head phantom. (A) The B1 field 
intensity for the BCC design at 3 T; the centre of the head has a large area with increased field 
intensity (red colour) and the B1 field is more homogeneous inside than outside the head. (B) 
The B1 field intensity for the BCC design at 7 T. (C) The B1 field intensity for the MAA design 
for head at 3 T; field homogeneity inside the head is high which can be seen by the greater 
region of higher field intensity (red colour). (D) The B1 field intensity for MAA design at 7 T; 
Field homogeneity is worse than at 3 T as the regions of lower field intensity are larger (blue 
region). 
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3.3.2 Magnetic field homogeneity across different planes 
Results were produced using 12 element BCC and MAA designs with all ports excitation. 
Figures 3.6 to 3.9 show the B1 field homogeneity for sagittal and coronal imaging planes at 3 
T and 7 T, using the MAA and BCC designs. Field homogeneity both inside and outside the 
head phantom for the 7 T MAA is shown in Figure 3.6A-B. The central planes in Figure 3.6C-
D indicate that the centre of the head phantom experiences a high B1 field. In comparison, the 
field intensity for sagittal and coronal planes for the 7 T BCC (see Figure 3.7A-B) is less 
homogeneous. The result for the central plane across the head phantom for the 7 T BCC 
indicates that the field intensity is lower than the 7 T MAA.  
 
                                     (A)                                                      (B) 
              
                                        (C)                                                              (D) 
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Figure 3.6. B1 magnetic field profiles produced by the MAA design at 7T; sagittal, coronal and 
axial centre plane view are provided. (A) Sagittal and (B) coronal views of the B1 magnetic 
field distribution; B1 field is relatively homogeneous both outside and inside the head phantom. 
(C) The B1 field axial plane; a relatively high B1 field homogeneity is observed in the centre of 
the head. (D) The B1 field for the middle slice in the yz-plane; field homogeneity is higher in 
the upper part of the head than in the lower part. 
 
                                         (A)                                                        (B) 
               
                                    (C)                                                       (D) 
Figure 3.7. The B1 magnetic field distribution generated based on the 7 T BCC design; views 
sagittal, coronal and axial centre plane views are shown. (A) Sagittal and (B) coronal views of 
the B1 magnetic field; fields are more intense over a small region around the centre of the head 
relative to regions away from the centre of the head. (C) The B1 field intensity for the middle 
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slice in the xy-plane; the field intensity is higher just at the centre of the head in comparison to 
other regions. The B1 field for the middle slice in the yz-plane (D) shows higher homogeneity 
at the centre of the head. 
 
(A)                                                                  (B) 
 
                           (C)                                                               (D) 
Figure 3.8. The B1 magnetic field intensity maps produced based on the 3 T MAA design; 
sagittal, coronal and axial centre plane views are shown. (A) Sagittal and (B) coronal views of 
the B1 magnetic field intensity; fields are homogeneous around the head and homogeneity 
within the head is better than for the 7 T MAA design. The B1 field for the middle slice in the 
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xy-plane (C) shows high field intensity in the centre of the head in comparison to regions 
outside of the head. B1 field findings for yz-plane (D) are similar. 
 
                                        (A)                                                          (B) 
           
                                   (C)                                                           (D) 
Figure 3.9. The B1 field generated using the 3 T BCC design; sagittal, coronal and axial centre 
plane views are shown. (A) Sagittal view and (B) coronal views of the B1 magnetic field 
distribution; the field is relatively homogeneous with low field intensities outside of the head. 
(C) The B1 field for the middle slice in the xy-plane shows higher B1 field intensity inside the 
head than outside the head. The field intensity for the middle slice in the yz-plane (D) is similar. 
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At 7 T, the field intensity produced by the MAA design is almost 2.72 times higher than that 
produced by the BCC design. At 3 T, the field intensity for the MAA is almost 10 times higher 
than for the 3 T BCC and 7 T MAA designs. Homogeneity within the head is greater for 3 T 
for both MAA and BCC designs than for the 7 T counterparts. In the remainder of the paper 
we further evaluate the 3 T MAA and BCC design characteristics to be able to expand on the 
B1 field homogeneity results provided to this point with potential application in 3 T clinical 
MRI instruments.  
 
3.3.3 Magnetic field homogeneity as a function of coil elements 
 
                                   (A)                                                                   (B) 
 
                                                                 (C) 
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Figure 3.10. The B1 field homogeneity of the 4, 8 and 12 element 3 T BCC designs. (A) The 
B1 field distribution for the 4 element BCC design with elements separated by 90⁰. (B) The B1 
field for the 8 element BCC design with elements separated by 45⁰; field homogeneity is better 
than for the 4 element BCC design. (C) The B1 field distribution for the 12 element BCC design 
with elements separated by 30⁰; additional improvements in field intensity are gained through 
the use of more element.  
 
                                   (A)                                                                   (B) 
 
 
                                                                 (C) 
Figure 3.11. The B1 field homogeneity of the 4, 8 and 12 element 3 T MAA designs. (A) The 
B1 field distribution for the 4 element 3T MAA design; the B1 field intensity is higher at the 
centre and some dark areas are present outside the head. (B) The B1 field for the 8 element 
MAA design; though there are still some lower intensity regions, field homogeneity is greater 
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than achieved by the 4 element design. (C) The B1 field distribution for the 12 element MAA 
design; increased B1 field intensity throughout the head is achieved using this design. 
 
Figure 3.10 shows the RF homogeneity for the 3 T BCC design with 4, 8 and 12 elements. We 
showed that the RF field intensity produced by the 8 rung BCC can be 40.9% larger than that 
generated by the 4 rung coil and, the 12 rung coil produces a 6.3% larger field intensity than 
the 8 rung coil. For the MAA design (Figure 3.11), the 8 element array delivers 5.7% larger 
RF field intensity than the 4 element array, and the 12 element array produces a 40.2% larger 
RF field intensity than the 8 element array. Irrespective of the design, the 12 element 
configuration produces the largest RF field intensity and the 12 element MAA produces a 
14.8% greater RF field intensity than the 12 element BCC design. 
 
3.3.4 Effect of excitation ports 
Here we examine the effect of changing the number of excitation ports in the MAA and BCC 
designs at the 3 T MRI frequency. Both the MAA and BCC designs were driven in three 
different modes. First is single element excitation where the whole coil was excited using only 
one port. Second is the quadrature excitation using two ports of same magnitude with a 90° 
phase difference between them. The third one is all port excitation. Here, the magnitude is same 
for the excitation but have a phase delay of 360°/N, where N is the number of elements in the 
coil. As an example, for 12 elements coil the phase difference will be (0, 30, 60, …. 330). 
Figure 3.12 illustrates the RF field distributions for single, quadrature and all port excitation 
for the BCC (Fig 12A-C) and the MAA (Figure 3.12D-F) designs. Field intensity increased 
with a greater number of excitation ports for both BCC and MAA designs. For the BCC design, 
the maximum value of the RF field intensity using quadrature excitation (Figure 3.12B) was 
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136.0% larger than for single port excitation (Figure 3.12A), and RF field intensity for all rung 
excitation (Figure 3.12C) was 17.9% larger than for quadrature excitation. For the MAA 
design, quadrature excitation (Figure 3.12E) resulted in 38.1% larger field intensity than single 
port excitation (Figure 3.12D), and all element excitation (Figure 3.12F) led to 17.2% larger 
field intensity than quadrature excitation. The RF field intensity produced by the MAA design 
was 80.7%, 5.6%, and 5.1% higher than that produced by the BCC design for single, 
quadrature, and all rung excitation, respectively. 
 
                   (A)                                                 (B)                                                 (C) 
 
                   (D)                                            (E)                                              (F) 
Figure 3.12. The B1 field distributions for single, quadrature and all port excitations for the 
BCC and MAA designs. (A) B1 field distribution for single port excitation of the BCC design; 
a homogeneous field is produced across the head. (B) B1 field for quadrature BCC excitation; 
the maximum intensity achieved using the quadrature BCC excitation is almost 2.5 times 
higher than the single port excitation. (C) B1 field for all port BCC excitation; the field is fairly 
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uniform both inside and outside the head. (D) B1 field distribution for single port MAA 
excitation. (E) B1 field distribution for quadrature MAA excitation. (F) B1 field for all port 
MAA excitation. When compared to the single and quadrature port MAA excitation 
simulations, the MAA field achieved using all port excitation is homogeneous throughout the 
head. 
 
3.3.5 Effect of shielding 
Figure 3.13 illustrates the effect of shielding the BCC and MAA designs at the 3 T MRI 
frequency. Figure 3.13A-B show the magnetic field intensity of the BCC design for the 
shielded and unshielded simulations. Similarly, Figure 3.13C-D show the results for the 
shielded and unshielded MAA design simulations.  
 
                                     (A)                                                                    (B) 
 
                                    (C)                                                                     (D) 
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Figure 3.13. The effect of shielding the 3 T BCC and MAA designs. (A) Magnitude of the B1 
field for the shielded BCC design. (B) Magnitude of B1 field for the unshielded BCC design. 
(C) Magnitude of B1 field for the shielded MAA design. The field is almost uniformly 
distributed across the entire head. (D) Magnitude of B1 field distribution for the unshielded 
MAA design, producing an almost uniform field distribution inside the head. Shielding in 
general increases the magnitude of the field.  
 
Quality within the field-of-view, as measured by field distribution, improved with the use of 
shielding. For the BCC design, shielding led to a 29.6% higher field intensity than the 
unshielded design, and field homogeneity also increased. For the MAA design, the use of 
shielding increased field intensity by 73.5%. Overall, we found that the MAA design produces 
almost twice the magnetic field intensity of the BCC design, irrespective of whether coils are 
shielded or unshielded.  
 
Table 3.1: Magnetic field intensity statistics for the unshielded and shielded BCC and MAA 
designs. The diameter of the FOVs are FOV3 = 30mm, FOV7 = 70mm and FOV15 = 150mm 
all of which are centred on the same position.  
 Array FOV Magnetic field intensity (x10
-8 T) 
max min mean std 
Unshielded 
BCC 
FOV3 1.770 0.615 1.192 0.577 
FOV7 1.540 0.355 0.947 0.592 
FOV15 1.320 0.118 0.719 0.601 
MAA 
FOV3 2.035 0.871 1.453 0.582 
FOV7 1.970 0.715 1.342 0.627 
FOV15 1.780 0.470 1.125 0.655 
Shielded 
BCC 
FOV3 2.250 1.230 1.740 0.510 
FOV7 2.140 1.015 1.577 0.562 
FOV15 1.923 0.770 1.346 0.576 
MAA 
FOV3 3.150 2.640 2.895 0.255 
FOV7 2.930 2.410 2.670 0.260 
FOV15 2.790 2.250 2.520 0.270 
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Table 3.1 summarises the characteristics of the magnetic field intensity within three different 
sized field-of-views (FOVs). Whilst for the BCC design shielding does not lead to a better field 
homogeneity as measured using the standard deviation, the MAA design benefits greatly from 
the use of shielding. In fact, the standard deviation decreases by more than a factor of two with 
the use of shielding, and it is also about a factor of two better than in the BCC design. The table 
also shows that as the FOV size decreases, the mean magnetic field intensity increases. This 
suggests that fields decrease away from the centre for the coil. The amount of decrease in mean 
magnetic field intensity going from a 30mm diameter FOV to a 150mm diameter FOV is 23% 
and 13% for the unshielded and shielded MAA design, and 40% and 23% for the unshielded 
and shielded BCC design. In addition, the use of shielding increase the mean magnetic field 
intensity by an amount less than 100% in the case of the BCC design, and more than 120% for 
the MAA design (i.e. FOV15 result). These results suggest that the shielded MAA design 
achieves the largest field sensitivity.  
 
3.3.6 Magnetic field for different loading 
We tested the 3 T BCC and MAA designs when the coil was unloaded, loaded with saline 
phantom and loaded with the human head phantom. Figure 3.14A-C shows the RF field 
distribution for the unloaded BCC design (Fig 14A), the saline phantom (Figure 3.14B) and 
for the human head phantom (Figure 3.14C). Figure 3.14D-F shows the field distributions for 
the MAA design for each loading condition. Our simulated MAA design outperformed the 
BCC design when a head phantom was placed in the coil FOV.  
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                (A)                                            (B)                                             (C) 
   
                 (D)                                            (E)                                             (F) 
 
Figure 3.14. The B1 field distribution at 3 T using BCC and MAA designs when the coil was 
unloaded, loaded with saline phantom and loaded with the human head phantom. (A) The B1 
field distribution for the unloaded BCC design. (B) The B1 field distribution for the BCC design 
loaded with a saline phantom. Saline has a higher dielectric constant than water, hence 
homogeneity decreases; expected as the wavelength shortens. (C) The B1 field distribution for 
BCC design loaded with human head phantom. (D) The B1 field distribution for the unloaded 
MAA design. (E) The B1 field distribution for MAA design loaded with saline phantom. (F) 
The B1 field distribution for the MAA design loaded with the human head phantom; the field 
is relatively homogeneous across the phantom with high in the centre.   
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3.3.7 Analysis of specific absorption rate  
Simulations were performed at 3 T MRI frequency using 8 elements for both the MAA and 
BCC designs. The MAA and BCC designs were not shielded. Figure 3.15 illustrates the electric 
field distribution for the MAA (Figure 3.15A) and BCC (Figure 3.15B) designs. It is shown in 
the figures that the BCC design produced the highest electric field of 84.5 V/m, while the MAA 
design had a maximum electric field of only 14 V/m. According to Eq. 5, a higher electric field 
leads to a larger SAR value. 
 
                          (A)                                                                (B) 
Figure 3.15. The electric field distribution inside the head phantom. Shown are the results for 
the BCC (A) and MAA (B) designs. A marked decrease in power deposition can be achieved 
using the MAA design.  
 
3.3.8 Experimental results 
(i) Matching analysis 
Lumped port excitation was used and therefore it was important to assess the matching and 
tuning of the array. This section describes the S parameter value (Sxy, which denotes the 
interaction between the xth and yth antenna elements) which is used to evaluate matching and 
tuning performance. S11 represents the return loss of the antenna, indicating minimal return loss 
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in the fabricated MAA. Figure 3.16 shows the values for the S11 and the standing wave ratio 
(SWR). The unloaded antenna array has an S11 value of -33.7 dB and a SWR of 1.3 at a 
frequency of 298 MHz.  
 
           (A) 
 
     (B) 
Figure 3.16. The experimentally measured S11 values and the standing wave ratio (SWR) for 
the fabricated 7 T MAA design. (A) S11 and (B) SWR measured at 298 MHz, the 7 T frequency. 
 
(ii) Coupling analysis 
Mutual coupling results are shown in Figure 3.17. Within the circular array, the angular 
distance between elements 1, 2, 3 and 4 is 90⁰, 180⁰, and 270⁰, respectively. The maximum 
value of S21 is -11.8 dB, of S31 is -10.9 dB, and of S41 is -11.5 dB.  
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(A) 
 
 
(B) 
 
(C) 
Figure 3.17. The experimentally measured S-parameter values for the fabricated 4 element 
monopole antenna array (MAA) at 7 T. (A) S21, (B) S31, and (C) S41. 
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3.4 Discussion 
We compared the effectiveness of using a monopole antenna array for 3 T and 7 T human brain 
imaging based on a simulation study in view of what is achievable using the traditional birdcage 
coil design.  We found the RF field produced by the 8 rung BCC to be 44% larger than for the 
4 rung coil and the12 rung coil produces 1.32% larger field than the 8 rung coil. In case of the 
MAA design, the 8 element array provides 2.86% larger RF field than the 4 element array, and 
the 12 element array provides almost 47% larger RF field than the 8 element array. Irrespective 
of the design, the 12 element configuration produces the largest RF field intensity. 
Interestingly, the 12 element MAA produces 22.59% larger RF field intensity than the 12 
element BCC design. We may conclude that performance of the MAA can potentially be 
further improved by incorporating additional elements, whereas the addition of elements 
unlikely benefits the BCC design.  
Results for the sagittal and coronal planes for 7T (Figure 3.6) and 3T (Figure 3.8) MAA shows 
that the field intensity for the bottom half of the head phantom is better than the upper half. 
This is because of the position of the ground plane and the feeding from the ground plane. As 
the ground plane is situated in the bottom side of the head phantom and the monopoles are 
excited from the ground, bottom half has the higher intensity than the upper half. Similar thing 
is happening for the case of BCC (Figure 3.7 and Figure 3.9) where the feeding port is situated 
in the middle of the rung. The field intensity is higher in the middle than the two sides of coil. 
By comparing the field intensity of MAA and BCC for 7T we found that, MAA has almost 2.5 
times higher intensity than BCC. For centre slices the intensity is 2.8 times higher for MAA. 
On the other hand, the field intensity for 3T MAA is almost 10 times higher than the 3T BCC 
and 7T MAA. From these comparisons we can conclude that the 3T MAA has the better field 
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intensity than the others. Though the intensity is much higher, the homogeneity inside the head 
for 7T MAA is better than 3T. 
We found field intensity to increase with increasing number of excitation ports both for the 
BCC and MAA designs. For the BCC design, the maximum value of the RF field intensity for 
quadrature excitation (Figure 3.12b) is 213% larger than for the single port excitation (Figure 
3.12a), and all rung excitation (Figure 3.12c) is 15% larger than when quadrature excitation is 
used. For the MAA design, quadrature excitation (Figure 3.12e) results in 39% larger field 
intensity than single excitation (Figure 3.12d), and all element excitation leads to 20% larger 
field intensity than quadrature excitation. We also found that the RF field intensity produced 
by the MAA design is 100%, 2.32%, and 6% higher than the BCC design with single, 
quadrature, and all rung excitation. 
We found the quality as measured by field distribution within the field-of-view of the magnetic 
field to improve through the use of shielding. For the BCC design, the intensity of the magnetic 
field with shielding leads to 10.49% larger intensity field than the unshielded design, and the 
field is also more homogeneous. For the MAA design, the positive improvement due to 
shielding increases to 38%. We may conclude that shielding increases the magnetic field 
intensity and homogeneity of the designs. Furthermore, the shielded MAA design reaches 
105% larger field intensity than the BCC design, and 64% larger for the unshielded case.  
When the BCC is loaded with saline, the maximum field intensity achieved is 37% larger than 
the field intensity of the unloaded counterpart, while loading using the human head phantom 
results in 16% increase. If we consider the case of loading the MAA with saline, the maximum 
field intensity increases by 41% and by 32% when the human head phantom is used. From 
these 3 T and 7 T simulation results we may conclude that the monopole antenna arrays 
outperform the birdcage coil configuration when used for head imaging. 
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We should make an important note regarding the MAA design. The MAA design uses all port 
excitation as monopoles are treated individually, and variation in the phase of the excitation 
port affects the B1 field. Failure to set the phase correctly will have a large adverse impact on 
field homogeneity. 
From the SAR analysis shown above, BCC has a higher electric field of 87.9 V/m, while the 
MAA has the maximum electric field of 14 V/m. According to Equation 3.2, higher electric 
field creates higher SAR which results into temperature rise for the tissue. So, BCC with an 
electric field of 87.9 V/m will results into a higher SAR. On the other hand, SAR for the MAA 
will be less. From Figure 3.15 it is also clear that for BCC the tissue inside of the head is 
affected with temperature rise while the MAA is totally unaffected. 
Good level of matching can be achieved for any RF coil fed by a 50 Ω coaxial cable when 
SWR < 1.5 and return loss, S11, < -14dB [147]. Our fabricated 7 T MAA was able to deliver 
a performance better than the benchmark (Figure 3.16). On the other hand, the effectiveness of 
an antenna array relies on the level of decoupling between elements. better decoupling can be 
achieved when the level be at least -10dB between any two elements [148]. Our proposed array 
have the necessary decoupling between the elements (Figure 3.17). 
 
3.5 Conclusion 
A new MAA design has been described and evaluated through simulations and by fabricating 
a 4 element array for bench testing. Simulation results were compared to the traditional BCC 
design. The results of bench testing the fabricated MAA were used to analyse tuning, matching 
and decoupling between individual elements. Simulations were performed at 3 T and 7 T MRI 
frequencies using 4, 8, and 12 element MAA configurations, and compared to 4, 8 and 12 
element BCCs designs. The MAA design is capable of producing a more homogeneous RF 
field distribution, a comparatively larger magnetic field intensity and a lower electric field (i.e. 
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lower SAR) than the BCC configurations studied and therefore provides promise for head 
imaging applications. Using the MAA, signals from deep brain structures could be enhanced 
at ultra-high field. Additional studies are required to investigate how to extend the field-of-
view of imaging in the axial direction. This would make such a design even more attractive for 
brain studies in general.  
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Chapter 4: Individual shielding:-methodology and design 
 
4.1 Introduction  
For better imaging using the RF coils it is important to maintain a good amount of field intensity 
throughout the coil itself. From previous chapter we found that the proposed antenna has very 
good field intensity at the centre, but have some deficiency at the top sides of the monopoles. 
We expect shielding will allow us to shape the field and also increase decoupling between 
elements. However, it is unclear what type of shield will lead to the combined improved of B1 
field inhomogeneity and decoupling between array elements. As such, this chapter investigates 
how shielding can be used to produce a higher quality B1 field, and how different shielding 
types affect decoupling between array elements.  
 
4.2 Theoretical background of shielding 
Shielding is the conductive barrier (Figure 4.1) enclosing antennas, coils or electrical circuit to 
provide sufficient isolation between the elements or from outside environment. An ideal shield 
is a continuous conductive box with adequate thickness where no openings exists. Shielding 
deals almost solely with energies which radiate. Shielding effectiveness (SE) means the ratio 
of the RF energy on one side of the shield to the RF energy on the other side of the shield which 
is expressed in dB. 
In case where the sources are outside of the shield, the absorption and reflection of the shielding 
material need to add to obtain the overall SE of the shield. Conversely, when the sources are 
within the shield, only the absorption of the shield needs to be considered. The absorption or 
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reflectivity of the shielding material at concerned frequency is measured by: Conductivity, 
Permeability, Thickness [149]. 
 
 
Figure 4.1. Shielding mechanism representation [149]. Shown is how an incident wave (i.e. 
denoted by 0) interacts with the shield (shaded region), resulting in reflection and transmission 
of E and H fields (i.e. denoted by 1). The purpose of the shield is to dissipate E0 and H0, as 
shown at the bottom. 
 
4.2.1 Shielding effectiveness 
When we treat the shielding effectiveness measurement with a uniform field, the results are 
substituted the voltage and current waves associated with the transmission line with transverse 
electromagnetic fields [150, 151].   
The absorption term A primarily depends on material properties like conductivity σ, 
permeability µ, material thickness d, and the source frequency f.  The reflection term R solely 
depends on the shape of the source and the shield [150, 151]. 
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Shielding effectiveness is the ability of a metal material to be used as a defense against external 
fields and as blockade which prevents internal fields from travelling outside. It can be 
calculated by using the absorption loss, reflection loss, and re-reflection correction factor [149]. 
SEMagnetic = A+RMagnetic -CMagnetic                   (4.1) 
SEElectric = A+RElectric-CElectric                   (4.2) 
SEPlaneWave = A+RPlaneWave-CPlaneWave                  (4.3) 
Where SE is the shielding effectiveness, A represents absorption loss, R means reflection Loss, 
and C is the re-reflection correction factor.  
The calculation needs to be done for all three fields- electric field, magnetic field, and plane 
wave. However, one should keep in mind that all of the above equations are only a means to 
predict the SE of the metal, and should not be taken as absolute.  
(i) Absorption Loss  
Absorption loss is identical for all three types of fields. The absorption loss can be calculated 
as a function of the electromagnetic interference shielding characteristic of the metal and the 
material thickness [149].  
𝐴 = 𝐾?𝑙n𝑓𝜇-𝑔-          (4.4)  
where, K1= 131.4 when l is measured in meters, l is shield thickness, f is frequency, µr is 
permeability, and gr is Conductivity. 
(ii) Reflection Loss  
Reflection loss of a shield means the reflection loss of a transmission line. It increases when 
the impedance of the electromagnetic field becomes higher or lower than the shield impedance 
[149]. Reflection loss equation for magnetic field is given by - 
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𝑅 = 20𝑙𝑜𝑔 Ð ~Hntyy + 𝐶L𝑟Òtyqy + 0.354Ô      (4.5)  
where, C1 = 0.0117 and  C2 = 5.35 when r is measured in meters 
R is the distance from source to shield, f is frequency, µr is permeability, gr is conductivity  
For electric field the equation will be-  
𝑅 = 𝐶§ − 10𝑙𝑜𝑔 qyt¨-_y         (4.6)  
Where C3 = 322 if r is in meters and 354 if r is in inches. 
For plane wave equation is- 
𝑅 = 168 − 20𝑙𝑜𝑔Òtqyy         (4.7)  
 
4.3 Simulation of the new individual shielding 
In our study we have considered four different types of individual shielding. The single sided 
shield (top shield) which covers only one side of the monopoles, double sided shield which 
protects the monopole from two sides, three sided straight and three sided inclined. 
4.3.1 Single sided shield (top shield) 
Single sided shield (top shield) is simulated with the previously (described in Chapter 3) 
designed monopole array. Figure 4.2 shows the illustration of the simulation setup. We started 
by investigating a regular shield on each monopole, where each shield’s size was determined 
based on the monopole size. The aim being, to have sufficient size to cover the back-radiation 
field of the monopole.  The geometry of the shield is tested for a wide range of values and got 
the optimized size. Each of the shield has a height of 250 mm which is higher than the 
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monopoles and a width of 60 mm. The shield has a distance of 50 mm from the monopoles. 
During simulation we have used copper as the shielding material.  
 
Figure 4.2. Four monopoles array with single sided shield (top shield). Here, the grey part is 
representing the air domain, the red colour is showing the monopole array, and the blue colour 
is indicating the head phantom. The single sided shield (top shield) is coloured as green. 
 
4.3.2 Double sided shield 
In the previous shield type the monopoles are only covered from one side to protect the back 
radiation. But the monopoles have no protection from the radiation of the neighbouring 
monopoles. That’s the reason we have tried this two sided shield to protect the individual 
monopole from side radiations .In this simulation, we have used two optimized single sided 
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shield (top shield) and placed them on two sides of the antenna (Figure 4.3). The distance of 
the two shields from the centre of the antenna were optimized and found 40-50 mm distance 
for each shield is better. 
 
Figure 4.3.Four monopole antenna array with double sided shield. Shields are on two sides of 
the monopole and the side far from the phantom is open. 
 
4.3.3 Three sided straight 
A three sided shield has been simulated where each of the sides are right angled (Figure 4.4). 
After optimizing the size for a wider range, we found that the better results are generating for: 
70-80 mm wider two sides with 35-45 mm width of the front face. This type of shield is 
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protecting the field to go out of the shielding area and projecting the field towards the imaging 
object. 
 
Figure 4.4. Three sided straight shield with monopole array. The shield is surrounded the 
monopole from three sides except the side closer to the phantom.  
 
4.3.4 Three sided inclined 
The geometry of the three sided inclined type shields (Figure 4.5) are almost similar to the 
three sided straight one, except the two sides are not right angled. They have an inclination of 
30°. As the sides are inclined, they are a little wider than the previous one and the optimized 
value is 85 mm. 
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Figure 4.5. Three sided inclined shield. Here, the monopoles are also surrounded from three 
sides like Figure 4.4, but in this case the two sides are inclined from the normal position. The 
distance between two sides near the phantom is higher than the other side. 
 
4.4 Theoretical consideration  
4.4.1 Use of Individual shield for decoupling 
The development and optimization of RF coil is a crucial element in understanding the potential 
benefits of ultra high field MRI. Increases in the magnetic field strengths results in complex 
EM wave behaviour like critical interference, standing waves, etc. This also cause intensity 
variation in the reconstructed image due to non-uniformities in B1 field [152-156]. RF arrays 
can be used to alleviate such non-uniformities in the transmitted B1 field by regulating the 
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phase and magnitude of distinct channels [157-161]. An array is capable of producing higher 
SNR due to proximity to the subject when employed as receive only coil. Transceive coil 
associates the benefits of transmit and receive coils. However, the design and construction of 
transceive arrays for ultra high field MRI is difficult because of the mutual coupling between 
the elements.  
Flux linkage between coil elements in an array, leads to peak splitting in the frequency response 
of the resonant coils [162, 163]. The most common techniques for decoupling array elements 
are using overlapping adjacent coils and low-impedance preamplifiers to minimise linkage 
between the neighbouring array elements [58, 77]. For transceive coils low output impedance 
power amplifiers [164] are needed, which are not usually available [165-169]. Though the 
overlapping of the coils is effective for decoupling, the flux linkage between next-nearest 
neighbours are problematic and additional capacitive networks are needed [165, 166]. These 
decoupling schemes can produce suitable decoupling between coil elements. Therefore, their 
design is quite difficult and time consuming for three dimensional geometries. 
Shielded coil elements can also be used to decrease coupling. This scheme uses the shields 
circumferentially around each element of the RF coil [170] to reduce the flux linkage between 
the elements. The mutual inductance is minimised according to Lenz’s law where no geometric 
overlap or electrical connections are required. As there is no need of geometric overlap or 
electrical connections among individual elements, coil elements are free to be designed with 
random sizes, shapes, and locations [171-174]. Lanz et al [175] showed the ability of producing 
high SNR using coplanar shielded RF coils. Coplanar shields were also used [176] as 
decoupling elements in a RF array for 1.5T hyperpolarized helium studies. Circumferential 
shielding was [177] used to reduce coupling between transmission line elements. 
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4.4.2 Results related to decoupling 
Table 4.1 shows the decoupling values for our proposed unshielded monopole antenna array 
(Figure 3.2) and its three sided shielded (Figure 4.5) counterparts. From this table, we found 
that by shielding the monopoles individually increases the decoupling between the elements. 
The three sided shielded array has a decoupling value in a range of -23.68 dB to -28.12 dB, 
while the unshielded array can achieve in between -16.17 dB to -17.67 dB. The single sided 
shield (top shield) has decoupling range of -17.83 dB to -19.13 dB, two sided shield has -20.31 
dB to -22.18 dB and the three sided straight shield has -21.63 dB to -23.49 dB. As the three 
sided inclined, shield has the better decoupling we have only presented the values in the table 
to compare with the unshielded array.  
Table 4.1 . Shown the decoupling values for unshielded and three sided shielded antenna arrays. 
 Antenna 
element 
1 2 3 4 
Unshielded 1  -16.54 dB -16.92 dB -16.68 dB 
2 -16.17 dB  -16.59 dB -17.67 dB 
3 -17.41 dB -17.18 dB  -16.91 dB 
4 -17.15 dB -17.41 dB -16.72 dB  
Three sided 
inclined 
1  -24.67 dB -28.12 dB -25.03 dB 
2 -24.91 dB  -25.07 dB -23.89 dB 
3 -27.91 dB -25.21 dB  -24.65 dB 
4 -25.78 dB -23.68 dB -24.02 dB  
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4.4.3 Individual shield for increasing field intensity 
From Figure 4.1 it is clear that due to the shield the RF field inside the shield cannot go outside 
the shielding area. So, we can say that this cancelation of field penetration or transmission 
increases the amount of field intensity inside the shielded region. Table 4.2 shows the results 
for magnetic field intensity for unshielded and shielded array. From this table we can observe 
that the shielding increases the field intensity and three sided inclined shield has the better field 
intensity. Details about the FOV is in Figure 4.6. 
 
Figure 4.6. Showing the FOV of a simulation result. Simulated fields were evaluated in three 
different sized spherical field-of-views of interest. FOV3 = 30 mm in diameter, FOV7 = 70 mm 
in diameter and FOV12 = 120 mm in diameter and represented by the circles in the figure from 
smaller to bigger sizes, respectively.  
 
 
 
 
 81 
Table 4.2. Magnetic field strength from different shielding configurations. 
Array FOV Magnetic field intensity (x10-8 T) 
max min 
Unshielded 
FOV3 1.88 0.67 
FOV7 2.15 0.53 
FOV12 2.41 0.41 
Three sided inclined shield 
FOV3 2.97 2.21 
FOV7 3.15 1.87 
FOV12 3.30 1.61 
Three sided straight shield FOV3 2.61 2.04 
FOV7 2.89 1.79 
FOV12 3.24 1.45 
Two sided shield FOV3 2.43 2.08 
FOV7 2.69 1.97 
FOV12 2.81 1.81 
Single sided shield (top shield) FOV3 1.93 1.43 
FOV7 2.09 1.30 
FOV12 2.24 1.16 
 
4.5 Conclusion 
From the detail’s discussion about the shielding theory and the proposed individual shielding, 
we have found shielding as tool which can be used for decoupling as well as for increasing the 
field strength. As coupling is an important issue for the antenna array, the use of individual 
shield can solve the problem for our study. After comparison between different shield types it 
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is clear that the three sided inclined shield can be used to create shielded monopole array with 
better field strength and decoupling. 
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Chapter 5: Combination of monopole antenna array and 
individual shielding 
 
 
Abstract- 
Magnetic resonance imaging (MRI) requires the use of radio frequency (RF) coils for 
transmission and signal reception. In ultra-high field MRI, i.e. operating at 298MHz and above, 
the design and development of RF coils becomes challenging due to a relatively short 
wavelength, inhomogeneity in the transmit RF field, and interference and coupling between 
coil elements. Designs which can overcome existing limitations can potentially lead to an 
improvement in magnetic resonance image quality, due to a stronger and more homogeneous 
signal across the image. We investigated the potential utility of a shielded monopole antenna 
array tuned to 298MHz for 7T MRI head imaging.  
We aimed to develop a 298MHz monopole antenna array with four monopole elements. We 
considered a number of different shielding arrangements, included single and three sided 
designs. Using COMSOL simulations, we examined how mutual decoupling can be minimised 
whilst maximising array sensitivity and RF field homogeneity. We fabricated an unshielded 
and a shielded prototype four element monopole array and performed bench testing to validate 
simulation findings and also to empirically evaluate frequency of operation, shielding 
performance and array sensitivity.   
The use of shielding monopole array elements was able to improve field homogeneity. Without 
the use of shielding as much as 10.75% increase in field variability was observed when the 
field-of-view extended across the entire brain, however when monopole elements were 
shielded the increase in variation reduced to 0.86%. Shielding also improved the decoupling 
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between individual monopole array elements (-11.72 dB versus -22.38 dB). Field intensity 
increased on average by 33.77% using the optimised three sided shields on each monopole.  
Based on our findings, appropriately shielded monopole antenna arrays can potentially produce 
RF coil sensitivity and field uniformity above the benchmark required for ultra-high field MRI 
applications. Such arrays may find use in head imaging applications, wherein RF coil 
insensitivity and field inhomogeneity hinder image interpretation.    
 
5.1 Introduction  
Linear, and more commonly, quadrature excitation birdcage coils have been used with 1.5T 
and 3T MRI scanners to induce the sample and to receive the signal [64]. These coils have been 
designed for whole body imaging and also for extremity imaging, including head, knee and 
wrist. However, birdcage coils rapidly lose their performance, as measured by RF field 
sensitivity and field homogeneity [131], when designed for ultra-high field applications (i.e. 
7T and above). Phased array coils which utilise individual coils, namely tuned conductive 
loops, have found application in ultra-high field MRI [129]. Designs using as little as four and 
as many as 128 individually tuned coils have been developed [133]. Using these coils a good 
level of sensitivity and field homogeneity can be achieved having optimally designed tuned 
conductor loops, and by arranging them in a way which achieves geometric decoupling 
between neighbouring coil elements [178]. As a general rule, coil elements in RF phased arrays 
have to be made smaller and smaller with increasing field strength, which means their 
sensitivity with distance away from the coil drops more rapidly at higher fields. This in turn 
results in RF field inhomogeneity and sensitivity gradients across the sample when RF loop-
coils are used in phased arrays [129].  
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Existing limitations of birdcage coils, and more recently those associated with phased array 
coils, have motivated the further development of RF coils and associated electronics. Other RF 
coil designs include transverse electromagnetic (TEM) coils [178], dipole arrays [179], the 
transmission line array [180] and the slot antenna [181], none of which have been able to 
supersede coil-based phase arrays. Approaches such as the use of low input impedance 
preamplifiers, overlapping of adjacent loop elements [77], transformers [182] and L/C 
decoupling networks [183], have also been developed, tested and incorporated into the RF 
phased array coil to further enhance RF phased array performance. Continued advances have 
led to state-of-the-art coil-based phased arrays operating at 127MHz (i.e. 3T MRI) which have 
come to supplant birdcage cage coils aimed for the same frequency of operation. 
Whilst monopole antennae have been around for decades [136], their use for MRI has not been 
explored in detail. A previous study investigated their applicability for 7T MRI and 
demonstrated improved far range sensitivity in comparison to a surface loop coil, i.e. a single 
element of a phased array [129]. In this work the use of shielding to increase monopole array 
sensitivity and decoupling was not investigated. In fact, their unshielded design was only able 
to achieve a decoupling performance of -9.7 dB, which is below the benchmark -10 dB 
generally required for ultra-high field MRI applications. This design had the drawback of short 
coverage in the axial (z-coordinate direction). To extend axial coverage of the monopole array, 
a two sided shield was developed to potentially achieve full brain coverage [184]. Later, the 
concept of magnetic wall decoupling was introduced, which was able to reduce coupling 
between adjacent monopole array elements to -32 dB [185]. Notably, this gain in performance 
was achieved in conjunction with the use of a matching circuit. Building on existing work, we 
aimed to optimise shields for a four element monopole array to achieve a more homogeneous 
RF field and improved sensitivity across the sample.  
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5.2 Methodology 
We used the COMSOL (Multiphysics 5.0) simulation environment to design and test a range 
of monopole antenna array configurations. We only considered the shielding of individual 
monopole array elements. We investigated different shield geometries for the case of single 
sided (i.e. shielding of outward fields) and multisided (i.e. additionally shielding adjacent 
elements) arrangements. In conjunction with the optimisation of the dimensions of each 
specific shielding configuration, we evaluated the length, width and separation between 
individual monopoles to be able to achieve the desired operating frequency (298MHz for 7T 
MRI), decoupling between individual elements (-10dB at least) and field shaping (measured 
field uniformity) and sensitivity (measured field intensity). In the simulations all ports were 
excited using 1 W of power. Simulated fields were evaluated in three different sized spherical 
field-of-views of interest (FOV3 = 30 mm in diameter, FOV7 = 70 mm in diameter and FOV12 
= 120 mm in diameter).  
A cylindrical saline phantom of diameter 150 mm and length 230 mm was used with dielectric 
constant of 50 and relative conductivity of 4 S/m to establish field uniformity and RF coil 
sensitivity. In addition, simulations were performed with the use of a human head phantom 
(dielectric constant of 40) [186] to demonstrate the potential behaviour in real imaging 
applications. We fabricated an optimised unshielded and an optimised shielded four monopole 
array, whilst keeping the diameter (200mm) and length (380mm) of the designs the same. An 
acrylic cylinder and copper strips were used in the fabrication. Bench testing was performed 
using a network analyser (Agilent/HP 8712B) and custom built pick up coils. We used one of 
the pickup coils to measure field sensitivity of monopole array elements.  
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                                        (a)                                                                                     (b) 
 
                                                                                      (c) 
Figure 5.1. In (a) the simulation environment for the individually shielded monopole antenna 
array is depicted. Shown are four monopoles mounted on a dielectric substrate with a dielectric 
constant of 3.38. Individual antennae were arranged over a cylinder with a 90o angular 
difference between them. Separate coaxial lumped ports were used to feed each of the 
monopole antennae with wave excitation of similar magnitude but with arithmetic phase 
difference (0, α, 2α, 3α) where α = 45o. In (b) the four element individually shielded monopole 
antenna array, where the red arrow is indicating the unshielded monopole and the green arrow 
is showing the shielded version, is shown. In (c) the equivalent circuit diagram for the four 
element monopole array is provided.  
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                               (a)                                                                              (b) 
                                              
                           (c)                                                               (d)                                                
 
Figure 5.2. The (a) axial and (b) sagittal view of the simulated RF field for the 7T individually 
shielded monopole array using a saline phantom. Shown are (c) axial and (d) sagittal views of 
the simulated RF field produced by the 7T monopole array using a saline phantom. The location 
of the three FOVs have been identified using the circles.  
 
5.3 Results  
Figure 5.1(a) shows, as an example, the COMSOL simulation environment setup using the 
head phantom with four monopole array elements with the incorporation of a three sided shield 
design.  Figure 5.1(b) shows the fabricated unshielded four monopole array, with the example 
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of how three sided shields can be applied. Figure 5.1(c) is the equivalent circuit diagram where 
Z denotes the impedance. Also, Zg is the ground plane impedance, Z1, Z2, Z3 and Z4 are self-
impedances of the individual monopoles, Zm corresponds to mutual impedance with respect to 
each of the other elements, and Fp is the feed point. The optimal fixed capacitance, C, was 
found to be 10pF for the unshielded array and 1pF for the shielded array.  
 
Table 5.1. Sensitivity and the electric field intensity for the shielded and unshielded monopole 
antenna array. Provided are the maximum (max), minimum (min), mean and standard deviation 
(std) values for each of the three FOVs.  
Array Phantom FOV Magnetic field intensity (x10-8 T) Electric field (V/m) 
max min mean std max min mean std 
Unshielded 
Saline 
FOV3 0.872 0.425 0.649 0.224 11.61 4.09 7.85 3.76 
FOV7 1.310 0.242 0.776 0.534 15.43 3.75 9.59 5.84 
FOV12 1.450 0.238 0.845 0.606 22.7 3.07 12.885 9.815 
Head 
FOV3 1.880 0.671 1.275 0.605 6.55 3.01 4.780 1.770 
FOV7 2.150 0.533 1.341 0.809 9.21 2.74 5.975 3.235 
FOV12 2.410 0.413 1.412 0.998 13.4 2.37 7.885 5.515 
Shielded 
Saline 
FOV3 2.010 0.931 1.471 0.539 7.19 3.21 5.2 1.99 
FOV7 2.140 0.928 1.534 0.606 11.9 2.89 7.395 4.505 
FOV12 2.250 0.905 1.578 0.672 15.7 2.41 9.055 6.645 
Head 
FOV3 2.610 2.040 2.325 0.285 5.13 2.11 3.615 1.515 
FOV7 2.890 1.790 2.340 0.550 7.51 1.81 4.66 2.85 
FOV12 3.24 1.450 2.345 0.895 9.3 1.15 5.225 4.075 
 
In Figure 5.2 the simulated field distributions produced by the optimised unshielded and 
shielded monopole arrays are shown when loaded using the saline phantom. The results 
obtained when the saline phantom was replaced by the head phantom are shown in Figure 5.3. 
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Table 5.1 summarises the achievable RF coil sensitivity and electric field intensity (which 
relates to specific absorption rate, i.e. SAR) for both of the unshielded and shielded monopole 
array using the head phantom. Figure 5.4 provides the S11 and S21 plots. We also measured 
how sensitivity of each of the monopole array elements changes over the length of the 
monopole, and the results are summarised in Table 5.2.   
 
 
                (a)                                              (b)                                             (c) 
 
                 (d)                                             (e)                                              (f) 
Figure 5.3. The (a) axial, (b) sagittal, and (c) coronal views of the simulated RF field for the 
7T individually shielded monopole array using a head phantom. Shown are (d) axial, (e) sagittal 
and (f) coronal views of the simulated RF field produced by the 7T monopole array using a 
human head phantom. The region of the FOVs have been identified using circles.  
 91 
 
 
                                               (a)                                                                                      (b) 
Figure 5.4. S parameter plots for the monopole array (a) without shield and (b) with shield. 
Shown are S11 and S21, plots. Both of the shielded and unshielded monopole array were tuned 
to 298 MHz. The monopole array without shield had an S21 of -11.72 dB while the array with 
shield has -22.38 dB. These results show that a good decoupling can be achieved using the 
individual shield in the monopole array.  
 
5.4 Discussion  
Table 5.1 summarises the simulation data based on the unshielded and shielded monopole array 
designs and with the use of the saline and head phantoms. The mean field value for FOV12 
changed by 0.21% with respect to FOV7, and for FOV7 with respect FOV3 the change was 
0.64%, implying fields change slightly with increasing sized FOVs. On the other hand, the 
unshielded design with the head phantom produced a change of 5.17% between FOV7 and 
FOV12, and 5.96% between FOV3 and FOV7. Thus, field quality improves with the use of 
shielding. We have also found that the smaller the FOV the lower the field strength, implying 
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that coil sensitivity decreases with distance away from monopole elements. In addition, the 
electric field strength increases towards the array elements, as expected. Based on our bench 
testing results, the use of shielding improves decoupling from -11.72 dB to -22.38 dB. In 
addition, we found better tuning and matching capability using the shielded monopole array in 
comparison to the unshielded array. The use of shielding was also able to improve monopole 
performance across the length of the conductor (see Table 5.2).   
The previously developed two sided shielding technique (named EMAS to extend FOV in the 
z-coordinate direction [184]) achieved a mean S11 of -17.8dB, which we were able to improve 
to -23.18 dB using specific three sided shields. Moreover, the S21 value using EMAS was in 
the range -6.1 dB to -7.5 dB, which does not meet the -10 dB requirement. The magnetic wall 
decoupling technique [185] used a tuning and matching circuit, and a decoupling circuit, and 
achieved an impressive -32 dB decoupling between coil elements. Whilst we were not able to 
match this value using our three sided shielded design, the value of -22.38 dB is sufficient for 
ultra-high field MRI applications. Notably, without the use of the decoupling circuit, the 
previous work was only able to achieve an S21 value of -10 dB, indicating that the use of a 
decoupling circuit in our design would likely result in impressive S21 values as well.   
Table 5.2. Monopole element sensitivity over each element. Bottom is near the feed point.  
Antenna 
type 
Position of 
measurement 
Field strength (dB) 
Antenna element 1 Antenna element 2 Antenna element 3 Antenna element 4 
Shielded Bottom -18.12 -21.23 -19.3 -22.57 
Middle -13.46 -15.61 -14.09 -16.3 
Top -25.11 -29.2 -26.7 -25.81 
Unshielded Bottom -29.26 -29.6 -28.59 -31.75 
Middle -21.52 -17.57 -15.76 -21.95 
Top -35.71 -24.75 -33.55 -37.61 
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5.5 Conclusion  
We investigated the use of three sided individual shielding to improve monopole array 
performance. We found this type of shielding is able to greatly improve monopole array 
sensitivity, field coverage and decoupling between array elements. Such findings promote the 
use of individual shield with optimised monopole arrays for brain imaging applications.  
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Chapter 6: Monopole array for 7T MRI 
 
6.1   Introduction 
The key features of our proposed RF antenna array are monopole antenna array, tuning and 
matching elements, and shielding elements. The theoretical and simulation details about the 
monopole antenna array was discussed in Chapter 3, while Chapter 4 is about the theoretical 
details of shielding and simulation of different types of shields. Chapter 5 provides the details 
about the combination of monopole antenna array and shield. Validation of a simulated RF 
antenna array design is important before using it for the imaging. It is also necessary to measure 
different parameter of the array to compare it with the acceptable values to say that the design 
is able to produce better results than the existing coils. The most important part of testing the 
antenna array in the bench is fabrication according to the simulation model. It is one of the 
most challenging parts as one has to be very careful about the materials as well as the geometry 
of the design. A slight change from the desired design will lead to a different product other 
than the actual one.  
The proposed antenna array is designed for ultra high field and specially for 7T MRI. 7T is 
challenging due to wavelength issues (details in Chapter 1), and in generally problems arising 
at higher magnetic field. It also has SAR problems as the power requirement increases for 
higher field strength. So, we have to take special care to assure better field homogeneity, 
efficiency, decoupling, and lower SAR.  
In this chapter we have discussed the details fabrication process of different prototypes. We 
have tested the array in every stages of the design and the results are also presented in this 
chapter. A proper comparison between different design and fabricated arrays has also included.  
 
 95 
6.2   Fabrication of monopole antenna array 
We have fabricated three different prototypes. Each of the prototypes has their own purposes. 
Prototype I was created for me to be able to understand the tuning and matching capabilities of 
monopole antenna array for 7T. Prototype II was created for me to understand the decoupling 
behaviour of monopole antenna array. Prototype III was created to be able to use the proposed 
design for scanning in a 7T machine. By designing all of these prototypes we actually want to 
make sure that the proposed design is able to be used for human head scan in a 7T environment 
with acceptable tuning, matching and decoupling values. 
6.2.1 Prototype I 
We have started our fabrication with prototype I of the monopole antenna array design. This 
prototype was designed to test whether the proposed design can be tuned and matched for our 
requirements. This case study uses an array of 8.5 cm radius and 25 cm height. We used a PVC 
tube to build the array. The monopoles were made by AT525 35 micron self-adhesive copper 
tape which has a width of 100 mm and thickness of 0.07 mm (Figure 6.1). Full fabrication is 
shown in Figure 6.2. 
 
Figure 6.1. Self-adhesive copper tape used to build the initial monopole array. 
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Figure 6.2. Prototype I which is designed to test the testing and matching capabilities according 
to the requirements of 7T.  
Based on our simulation, initially we choose the height of the antenna to be used for tuning of 
the antenna. In this case we have started with a higher antenna length than the desired one. 
Later we reduced the height to tune the antenna for 7T frequency of 298 MH. In the final array 
the individual monopole has a height of 19 cm. 
After finding out that the tuning and matching without capacitor is a difficult job, we decided 
to use tuning and matching circuit. For this we have used two different approaches-(i) single 
capacitor and (ii) a RC circuit. Details about the tunning and matching techniques are included 
in section 6.4. 
 
6.2.2 Prototype II 
After initial success with prototype I, we now fabricated a bigger sized antenna array. The size 
is enough for a head to be placed inside it. For this case, we kept the radius of the array about 
 97 
200 mm and the individual antenna elements were 200 mm long. The elements are built with 
the same adhesive copper tape used in the previous stage. We have used PVC tube of 200 mm 
radius with 390 mm height as a base for the antennas and ground plans. 
 
(a)                                                                         (b) 
Figure 6.3. Prototype II- Array with four monopoles to understand the tuning and matching 
techniques used in ptototype I in a bigger array size along with the decoupling between the 
elements.(a) schematic of the equivalent circuit (b) actual prototype 
 
In this stage we have fabricated a four monopole antenna array for our case study (Figure 6.3). 
We have tested both of the tunning techniques used in the previous stage- the height scheme 
and the RC circuit (Figure 6.4). All of the individual elements are connected with a coaxial 
cable for feeding. 
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(a)                                                                         (b) 
 
Figure 6.4. (a) Schematic of the equivalent circuit, (b) actual Prototype II with a variable 
capacitor circuit for tuning and matching. 
 
6.2.3 Prototype III 
After the successful fabrication and testing of prototype I and II, we have custom built a four 
monopoles antenna array for our studies. For this prototype III, initially we have built the base 
for the elements and the ground plane. This base has an inner diameter of 290 mm and an 
overall height of 400 mm. This custom-made base consists of two octagon shaped plates 
(Figure 6.5) which has inner diameter of 290 mm and have an outer length of 390 mm. The 
ground plane of the array will be placed on this plate. These two plates are connected by four 
rectangular columns. Each of the columns has a height of 400 mm and a width of 65 mm 
(Figure 6.6). These columns have housing for the monopoles to be place on them. The total 
structure is built using 5.92 mm thick PVC sheet. 
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                              (a)                                                                     (b) 
Figure 6.5. Octagonal base for the ground plane (a) base without the copper sheet for ground 
plane and (b) base with copper sheet. The holes in the four corners of the base are to hold the 
column where the monopoles will be placed.  
The ground plane (Figure 6.5) for the final monopole array is built using double sided copper 
sheet of 0.23 mm thickness. The ground plane has a similar size as the octagon. The individual 
monopoles (Figure 6.7 b) are built using single sided copper sheet which is of 0.13 mm 
thickness. Figure 6.7 presents a monopole. The final monopole is 380 mm high with two 
different widths. As we can see in schematic (Figure 6.7 a), the first 180 mm is 27 mm and the 
rest of the monopole is 52 mm wide. As we have mentioned previously that we have used the 
length and width of the antenna for the tunning purpose, the width difference actually serves 
the same purpose. The full array of four monopole is shown in Figure 6.8. As we can see in the 
figure, the monopoles are connected with the ground plane through a capacitor which has an 
experimentally determined value of 1pF. All four monopoles are connected with individual 
coaxial cable to take measurements using network analyser.  
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(a)                                                              (b) 
Figure 6.6. Column to connect two octagonal plates (a) without the monopole in place and (b) 
with the monopole. 
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(a) 
 
(b) 
Figure 6.7. Structure of a monopole used in prototype III. (a) schematic of the monopole, (b) 
fabricated monopole. 
    
Figure 6.8. Unshielded version of the 7T MRI monopole array containing 4 monopoles, each 
connected separately.  
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6.3   Fabrication of individual shields 
 
From the discussion of the antenna array and the results found using the fabricated antenna 
array, we realized that the array needs some sort of boost in the field (Table 3.1) through the z 
plane or through the monopoles. It’s because the field producing by the individual antenna is 
decreasing from the feeding point towards the top of the antenna (Table 5.2). We have found 
that the better field sensitivity is measured around the middle of the antenna and there is almost 
negligible amount of field around the top side.  
We have also observed that the antenna array without any decoupling techniques have some 
coupling issues (Figure 5.4), which is hampering the performances of the antenna array.  
To overcome these two limitations, we have introduced the individual shield technique which 
is described in details in previous chapter. In this section we will only discuss about the 
fabrication of different types of individual shields we have used. 
As from Chapter 4 we have come to know that we have simulated four different types of 
individual shield. We have fabricated all of these four types of the shielding and performed 
bench testing to find out the best possible solution for the above-mentioned problems. 
 
(i) Single sided shield (top shield) 
 Figure 6.9a shows a single sided shield (top shield) shielding a monopole. A single sided 
monopole is 400 mm long and 60 mm wide and built with the double sided copper sheet. The 
shield is placed 50 mm apart from the position of the monopole base and covering it from the 
outer side of the array.  
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(ii) Double sided shield 
A double sided shield (Figure 6.9b) has two single sided shield (top shield) placed on two sided 
of the antenna. The monopole face towards the outer side of the array is open in this case. The 
shield is placed 40 mm away from the centre of the monopole. 
   
(a) 
 
(b) 
 
(c) 
 
(d) 
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Figure 6.9. (a) Single sided shield (top shield) placed in front of the monopole. (b) Double 
sided shield placed in the array, (c) Three sided straight type shield, and (d) Three sided inclined 
shield. 
 
(iii)Three sided straight 
This third type of shield are able to shield the monopole from three side except the side facing 
the subject (Figure 6.9c). The two sides of the three sided shield are 75 mm wide while the 
third side is 45 mm wide. This shield is called straight because the sides are all straight and are 
right angle to each other.  
 
(iv) Three sided inclined 
Three sided inclined shield are quite similar to the three sided straight shield except the sides 
which are not right angle to each other in this case (Figure 6.9d). As the sides are little inclined, 
they are wider than the previous one. The two sides are 80 mm wide and the side between them 
is 45 mm wide. The side faces towards the imaging object is 70 mm wide, hence the two sides 
are little inclined. Hence, it is named as three sided inclined shield. 
 
6.4   Tuning and matching 
 
As the tuning and matching plays an important role in the case of RF coils and antenna, without 
proper tuning it will be impossible to achieve best out of the antenna array. To find out which 
technique is suitable for our proposed antenna array we have gone through numerous 
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techniques and their testing with our antenna array. In this subsection we will discuss about 
those techniques in two category- without shielding and shielding.  
6.4.1 Without shielding 
For the tuning of the antenna array without individual shielding we have instigated a few 
approaches. 
 
(i) Use of the length of the antenna 
As the RF coils and antenna arrays are basically an RLC circuit, by changing the R or L or C, 
the tuning of the coil or antenna will be changed. By using this basic rule, we have first tried 
to use the length of antenna as a means of tuning to our desired frequency. Increasing or 
decreasing of the antenna length means the change in R and L of the antenna. 
For this, first, we have started our array fabrication with bigger monopoles than the 
requirement. As an example, by our simulation we found that the optimized length of 
monopoles has to be around 230 mm. But, as we have to tune each monopole to 298.4 MHz 
frequency, we started with a length of 300 mm initially. Then we connected the monopole with 
a network analyser to find the tuned frequency. This approach led to a start frequency less than 
the desired frequency. So, we have to decrease the monopole length to increase the frequency. 
For opposite case, where the tunned frequency become higher than the desired frequency, we 
need to increase the length. Increasing the length is difficult than decreasing the length and 
that’s why we started with a bigger monopole. 
The main shortcoming of this technique is the increasing or decreasing the length of the 
monopole. the process is fiddly and time consuming, and further complicated by fining the 
appropriate location to connect to the ground plane. 
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(ii) Single capacitor tuning 
To overcome the length problem of the above-mentioned technique, we have included one 
variable capacitor in the monopole (Figure 6.10). The capacitor eliminates the need of precision 
length changing of the previous technique. 
 
Figure 6.10. Single capacitor (showed with the circle) for the purpose of tuning. Here, each of 
the antenna elements is tuned by using one individual variable capacitor. 
 
(iii)RC circuit 
A RC circuit (Figure 6.11) has been used to tune the proposed monopoles. In this circuit we 
have used a variable capacitor parallel to the monopole and used to tune by changing the 
capacitor value while the antenna length was kept unchanged. 
   
 107 
(a)                                                                  (b) 
Figure 6.11. RC circuit for tuning the monopole. (a) schematic of the circuit diagram, (b) 
implementation in the actual prototype. 
6.4.2 With shielding 
After introducing the individual shielding technique into the antenna array, we also have made 
change in the tuning and matching techniques. 
 
(i) Antenna width and single capacitor combination 
In this combination of tuning and matching technique, we have used a variable capacitor along 
with the length of individual antenna. The capacitor was placed at 25mm from the bottom of 
the monopole. As we cannot make our monopoles much bigger due to the limitations of head 
imaging, we have kept our monopole length constant to 380 mm. As we have found from the 
previous discussion that the changing of length is difficult, in this case we have changed the 
width of monopole. According to simulation optimization, first 190 mm of a monopole was 
kept 27 mm wide while rest of the monopole was 52 mm wide. So, basically the narrower and 
wider part has a ratio of 9:14. This change of width along with the fixed capacitor helps the 
monopole to be tuned into desired frequency of 298 MHz. the resultant monopole has the shape 
shown in Figure 6.7.  
 
(ii) Combination of antenna length, capacitor and shield 
Now, as we also have to include the individual shield and the shield itself impacts on the 
tunning and matching, we need to make few changes to the previous technique. As the shield 
is adding more reactance to the existing circuit, we need to change the capacitor value or need 
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to change the width ratio. So, we have changed the fixed capacitor to 1pF and found proper 
tuning and matching for this changed condition. 
 
6.5   Bench testing 
To make the antenna array be competent for imaging it is necessary to test it in the bench first. 
We need to test the tuning of the antenna with the desired frequency along with its matching 
with the transmission cable. As we have used multiple antenna elements in the array, we have 
to test the coupling of different elements as well. All of these tests needed to be performed 
prior to scanning. 
 
6.5.1 Testing equipment 
For testing the antenna array in the bench, we have used a RF network analyser which was built 
by hp (8712B). This network analyser is built to test a frequency range of 300KHz to 1300MHz 
(Figure 6.12).  
 
Figure 6.12. Network analyser 
For testing the initial fabrication, we have used a NaCl phantom made by Siemens in a plastic 
bottle of 1900 ml (Figure 6.13). 
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Figure 6.13. Smaller NaCl phantom which is a quality assurance phantom used for loading the 
monopole array during bench testing. 
 
A bigger NaCL phantom has been utilised for prototype III to test in the bench. The bottle is 
around 38 cm high without the cap (Figure 6.14). 
 
Figure 6.14. 38 cm tall NaCl phantom used for loading the monopole array. 
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Particular custom made pickup coils were also used to measure the filed strength (Figure 6.15).  
   
(a)                                        (b) 
Figure 6.15. Pick up coils,(a) with bigger diameter, (b) with smaller diameter 
 
6.6   Results 
6.6.1 Results for Prototype I 
Table 6.1, 6.2, and 6.3 show the results generated using our prototype I.  
(i) Prototype I without external circuitry  
Results in Table 6.1 are of the prototype without any external tuning or matching circuit. 
Initially our main concern was achieving sufficient decoupling among the elements of the 
array. From Chapter 3, we came to know that the acceptable minimum coupling value is -10 
dB. If we observe Table 6.1 can see the decoupling values are very close to -10 dB level. 
Though, they are not at the level, the result shows the potential and inspired us to go for the 
next stage. In this prototype the Sxx values are also below the expected level of -14 dB which 
is needed for proper matching. Here, the maximum matching value is -10.64 dB and minimum 
is -9.72 dB. 
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Table 6.1. Matching and decoupling (S values) values in dB for the prototype without tuning 
and matching circuit. 
Array elements 1 2 3 4 
1 -10.31 -9.18  -10.56  -9.26  
2 -9.01  -10.64  -9.28  -9.78  
3 -10.21  -9.12  -9.91  -9.31  
4 -9.17  -9.47  -9.28  -9.72  
 
(ii) Prototype I with tuning and matching circuit 
After achieving below standard but promising results from the prototype without tuning and 
matching circuit, we then tested the prototype with external circuit. This circuit improves the 
matching of the antenna elements and decoupling as well. Table 6.2 shows the results for this 
stage. The result shows the improvement in matching which is now has an average of -14.17 
dB, while the minimum is -13.89 dB and maximum is -14.79 dB. This achieved values are as 
per the required -14 dB level. The decoupling between the elements are also improved after 
using the circuit. Now, we have a maximum decoupling of -13.45 dB. 
 
Table 6.2. Matching and decoupling (S values) values for prototype with tuning and matching 
circuit. 
Array elements 1 2 3 4 
1 -13.89 dB -12.24 dB -13.45 dB -12.78 dB 
2 -12.62 dB -13.97 dB -12.47 dB -13.05 dB 
3 -13.28 dB -12.21 dB -14.03 dB -12.48 dB 
4 -12.41 dB -12.87 dB -12.31 dB -14.79 dB 
 
(iii)Prototype I with decoupling circuit 
Then we tested the prototype by including a decoupling element. The element is included along 
with the tuning and matching circuit. This decoupling element is placed in between two antenna 
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elements and both of the decoupling and the matching have improved after its inclusion. Now 
we have a maximum decoupling of –16.53 dB which is far better than the standard value. The 
matching is also improved to a maximum value of -15.11 dB with an average of -14.40 dB. 
 
Table 6.3. S values for prototype with decoupling elements along with tuning and matching 
circuit. 
Array elements 1 2 3 4 
1 -14.47 dB -15.61 dB -16.23 dB -15.82 dB 
2 -15.76 dB -15.11 dB -16.19 dB -16.53 dB 
3 -16.32 dB -16.17 dB -14.14 dB -15.79 dB 
4 -16.16 dB -16.91 dB -14.87 dB -13.91 dB 
 
6.6.2 Results for Prototype II 
Table 6.4 shows the matching and decoupling values for prototype II. From this table we found 
the average decoupling, Sxy value of -16.25 dB which is acceptable. This prototype II has a 
maximum decoupling of -16.91 dB which is better in comparison to prototype I. As the 
prototype II has a bigger radius than prototype I, the elements have more space between 
themselves which cause an effect on achieving better decoupling.  
 
Table 6.4. Matching and decoupling, S, values for the improved prototype array. 
Array elements 1 2 3 4 
1 -15.28 dB -15.76 dB -16.21 dB -15.47 dB 
2 -16.06 dB -16.81 dB -16.29 dB -16.91 dB 
3 -16.31 dB -16.03 dB -15.79 dB -16.19 dB 
4 -15.83 dB -16.27 dB -15.45 dB -17.15 dB 
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We have also measured the field strength for every antenna element in three different height 
positions (Table 6.5). The strength near the middle point is little higher than the bottom point 
and decrease rapidly after that. Considering the average values we found that the field strength 
increases 22.8% from 3 cm to 8 cm and drops 41.4% from 8 cm to 15 cm. Though the level of 
field strength is acceptable, this high variation is not desired.  
 
Table 6.5. Field strength for the improved prototype in different positions of antenna elements. 
Position of 
measurement 
from bottom 
of the antenna, 
cm 
Field strength (dB) 
Antenna 
element 1 
Antenna 
element 2 
Antenna 
element 3 
Antenna 
element 4 
Average 
3 -31.22 -32.34 -31.87 -32.48 -31.97 dB 
8 -25.42 -23.98 -24.19 -25.04 -24.65 dB 
15 -39.23 -23.13 -38.79 -38.35 -34.87 dB 
 
6.6.3 Results for Prototype III without shielding 
After achieving promising results, we have built our final array (Figure 6.8). Matching and 
decoupling results for this array is shown in Table 6.6. As we have increased the size of the 
array we also have to change the initial design to cope the array for head imaging. The results 
show clear improvement from the previous prototype. Here, we have got an average matching 
value of -16.47 dB with a maximum of -17.06 dB. The decoupling is also higher with a 
maximum and minimum values of -17.79 dB and -16.57 dB, respectively. Both of the matching 
and decoupling values are above the standard values. 
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Table 6.6. S values for the antenna elements without shielding. 
Array Element 1 2 3 4 
1 -16.71 dB -16.78 dB -17.29 dB -16.61 dB 
2 -16.57 dB -17.06 dB -17.19 dB -17.71 dB 
3 -17.79 dB -17.48 dB -16.29 dB -17.36 dB 
4 -16.89 dB -17.47 dB -17.21 dB -15.82 dB 
 
We also have measured the field strength for this final antenna array in four different positions. 
As prototype III is longer than the prototype II, we have increased the number of measurement 
positions. The average field strength in different positions of the unshielded final antenna array 
par the expectation from the prototype. The highest field strength is found around 15 cm height 
and lowest is at the top of the antenna or at 35 cm. 
Table 6.7. Field strength measured in different positions of the antenna elements. As the length 
of the antenna is changed the measurement positions have changed accordingly.  
Position of 
measurement 
from bottom 
of the 
antenna, cm 
Field strength (dB) 
Antenna 
element 1 
Antenna 
element 2 
Antenna 
element 3 
Antenna 
element 4 
Average 
5 -29.43 -30.13 -31.29 -30.58 -30.35 
15 -21.25 -20.91 -21.32 -20.23 -20.92 
25 -23.49 -22.45 -23.81 -20.97 -22.68 
35 -35.91 -31.81 -32.93 -32.39 -33.26 
 
6.6.4 Results for Prototype III with different shield types 
(i) Three sided inclined shield 
Sxx values signify the amount of power reflected from the antenna and hence known as 
reflection coefficient or return loss. The lower the power reflection the higher the amount of 
power radiated and for a better RF antenna it is desired to have lower return loss. Figure 6.16 
represents the Sxx values for all of the four elements of the MAA with three sided inclined 
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shield. Here, the maximum and minimum S values are -27.26 dB and 21.52 dB which is almost 
double than the standard value. So, we can say that the return loss for the antenna array with 
three sided inclined shield is very low and has a very good power radiation or transmission.  
 
(a)                                                                             (b) 
  
 (c)                                                                             (d) 
Figure 6.16. Sxx values for all four monopoles in the array with three sided inclined 
shield.(a),(b),(c) and (d) represent the results for four different array elements of prototype III. 
 
Figure 6.17 represents the Smith chart plots for all four elements of the array. These plots show 
the matching of the antenna elements with the 50 W coaxial transmission cables. From these 
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plots we can observe that all of the elements have an impedance of 50 W, which is similar to 
the impedance of the coaxial cable. Only element 4 (Figure 6.17 d) has an impedance higher 
than the matching value, for which the Sxx value for element 4 (Figure 6.17 d) is also lower 
than the others. Though this element is not fully matched with the coaxial cable, it still has a 
good return loss or Sxx value. 
   
(a)                                                                          (b) 
   
(c)                                                                      (d) 
Figure 6.17. Smith chart plots for (a) monopole 1, (b)monopole 2, (c)monopole 3, and 
(d)monopole 4 showing the matching with 50W impedance. 
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(a)                                                                                 (b) 
 
(c)                                                                                 (d) 
Figure 6.18. SWR for (a) monopole 1, (b)monopole  2, (c) monopole 3, and (d) monopole 4 in 
the MAA with three sided inclined shield with prototype III. 
 
The amount of power reflected back to the antenna instead of transmission is measured as SWR 
and the SWR values of the proposed MAA with the three sided inclined shield is presented in 
Figure 6.18. A SWR value 1 means a perfect match between the antenna element and the cable 
and the antenna is transmitting all of its RF power. But, in reality it is difficult to achieve a 
perfect matching. Lower the SWR value means better the antenna is performing in terms of 
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transmission. Higher SWR values means higher signal loss an antenna with SWR up to 1.5 is 
considered good for transmission. For our proposed antenna array, the SWR values are in the 
range of 1.13 to 1.24 which is close to the lowest value. So, we can say that MAA is well 
matched and tuned. The slight mismatch of element 4 which we have already mentioned in 
previous paragraph, can also be realised from Figure 6.18 d, where the SWR value is higher 
among all four elements. 
 
(a)                                                                                 (b) 
 
(c) 
Figure 6.19. Decoupling values for monopole 1 in MAA with the three sided inclined shield.(a) 
S21, (b) S31, and (c) S41 
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Figure 6.19 shows the Sxy or decoupling values for the antenna element 1. The highest 
decoupling is in between monopole 1 and monopole 3, as they are situated in opposite sides. 
The decoupling with monopole 2 and monopole 4 is -23.95 dB and -23.92 dB respectively and 
they are similar as being the nearest neighbour. The decoupling we have achieved with the 
three sided inclined shield is higher than the standard value of -10 dB. 
 
Table 6.8 shows the decoupling values for all of the monopoles in the MAA with three sided 
inclined shield. All of the monopoles have higher decoupling values with an average nearest 
neighbour value of -23.42 dB and next nearest neighbour decoupling value of -25.88 dB. 
 
Table 6.8. Decoupling values for all four antenna elements with three-sided inclined individual 
shield. 
Antenna 
Element 
1 2 3 4 
1  -23.95dB -26.94dB -23.92dB 
2 -23.81dB  -23.74dB -25.47dB 
3 -25.49dB -22.87dB  -23.04dB 
4 -23.14dB -25.62dB -22.89dB  
 
(ii) Three sided straight shield 
The tuning and matching status of the MAA with three sided straight shield has been presented 
in Figure 6.20, Figure 6.21 and Figure 6.22. Figure 6.20 has the Sxx values for all of the 
monopoles at 298 MHz in the MAA. Here, the minimum and maximum Sxx values are -15.64 
dB and -16.63 dB, which are well above the standard value but lower than the results with three 
sided inclined shield. Figure 6.21 represents the smith chart plots for all monopoles. From the 
plots we can see that the monopoles are matched with 50 W impedance except monopole 3 
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(Figure 6.21 c) which has a slight mismatch. The SWR’s for all monopoles are shown in Figure 
6.22. The values are in the range of 1.28 and 1.38. Although the values are not as low as the 
three sided inclined shield, still they are below the acceptable value of 1.5. 
 
(a)                                                                           (b) 
 
(c)                                                                             (d) 
Figure 6.20. Tuning of (a) monopole 1, (b)monopole  2, (c) monopole 3, and (d) monopole 4 
for the three sided straight shield with prototype III. 
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(a)                                                                         (b) 
 
(c)                                                                      (d) 
Figure 6.21. Shown the matching for (a) monopole 1, (b)monopole  2, (c) monopole 3, and (d) 
monopole 4  of prototype III with transmission cable. 
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(a)                                                                               (b) 
 
(c)                                                                                (d) 
Figure 6.22. Shown the SWR for (a) monopole 1, (b)monopole  2, (c) monopole 3, and (d) 
monopole 4 using three sided straight shield with prototype III. 
 
Sxy values for monopole 1 of prototype III using the three sided straight shield is presented in 
Figure 6.23. Here, the maximum value is for S31 as monopole 3 is in the opposite side. The 
minimum decoupling is -19 dB which is higher than the standard value. 
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(a)                                                                        (b) 
 
(c) 
Figure 6.23. Shown the decoupling values (a)S21,(b)S31 and (c)S41 for the element 1 with 
three sided straight shield. 
Table 6.9 has the decoupling results for all of the elements of the MAA with three sided straight 
shield. Here, the average decoupling value for the nearest neighbour is -19.11 dB and for next 
nearest neighbour is -21.36 dB. 
Table 6.9. Decoupling values for all of the elements with three sided straight shield. 
Antenna 
Element 
1 2 3 4 
1  -19.00dB -22.59dB -19.71dB 
2 -18.71dB  -18.35dB -20.77dB 
3 -21.83dB -18.97dB  -19.25dB 
4 -19.29dB -20.27dB -19.65dB  
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(iii)Double sided shield 
The tuning results for all of the monopoles along with their matching with the 50 W resistance 
is presented in Figure 6.24. Here, the Sxx values are lower than the previous two types of shield 
and are in the range of -14 dB to -15.12 dB and hence acceptable. The smith chart plots (Figure 
6.25) are showing the impedances for the monopoles and for all monopoles they are not 50 W. 
Specially for the monopoles 3 and 4 (Figure 6.25 c and 6.25 d) have higher mismatch and it 
reflects on the Sxx values (Figure 6.24 c and Figure 6.24 d) as well. The impedance mismatch 
also has an impact on the SWR and from Figure 6.26 it can be observed. SWR values for the 
elements 3 and 4 are below 1.5 mark while the other two have acceptable SWR.  
 
(a)                                                                          (b) 
 
(c)                                                                         (d) 
Figure 6.24. Shown the tuning of (a) monopole 1, (b)monopole  2, (c) monopole 3, and (d) 
monopole 4 for double sided shielding with prototype III. 
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(a)                                                                        (b) 
 
(c)                                                                         (d) 
Figure 6.25. Shown the matching of (a) monopole 1, (b)monopole  2, (c) monopole 3, and (d) 
monopole 4 with the 50W cable. 
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(a)                                                                                 (b) 
 
(c)                                                                               (d) 
Figure 6.26. Shown the SWR values for (a) monopole 1, (b)monopole  2, (c) monopole 3, and 
(d) monopole 4 which indicates the signal floating in the cable. 
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(a)                                                                          (b) 
 
(c) 
Figure 6.27. Shown are the decoupling values (a) S21, (b) S31, and (c) S41 for monopole 1 
with double sided individual shield. 
Figure 6.27 is showing the decoupling results for monopole 2. The values are in the range of -
18.30 dB and -19.47 dB. The average decoupling for nearest neighbours is -18.34 dB and for 
next nearest neighbour is -19.42 dB (Table 6.10). 
Table 6.10. Decoupling values in dB for all elements with prototype III with double sided 
shielding. 
Antenna 
Element 
1 2 3 4 
1  -18.94 -19.38 -18.29 
2 -19.47  -18.30 -19.90 
3 -19.17 -18.02  -17.79 
4 -17.91 -19.23 -18.07  
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(iv) Single sided shield (top shield) 
From the Sxx values of the MAA with single sided shield (top shield) (Figure 6.28) we can see 
the results are below the standard value (-14 dB). The smith chart plot (Figure 6.29) is also 
showing mismatched impedance. As the single sided shield (top shield) is just using one sheet 
of copper in front of the monopole without any contact with the ground plane, it is difficult to 
make proper matching. In other shielded cases, some parts of the shields are somehow 
connected with the ground plane and we can optimize the position to match them. The 
impedance mismatch for single sided shield (top shield) also reflect via the SWR plots (Figure 
6.30). All of the SWR values are above 1.5 mark and therefor the performance of this types of 
shield will not be well enough, especially for transmission. 
 
(a)                                                                             (b) 
 
(c)                                                                            (d) 
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Figure 6.28. Tuning of (a) monopole 1, (b)monopole  2, (c) monopole 3, and (d) monopole 4 
using the single sided shield (top shield) array with prototype III. 
 
  
(a)                                                                      (b) 
 
(c)                                                                           (d) 
Figure 6.29. Smith chart plot for (a) monopole 1, (b)monopole  2, (c) monopole 3, and (d) 
monopole 4 showing the matching with transmission cable. 
 
 130 
  
(a)                                                                           (b) 
  
(c)                                                                                   (d) 
Figure 6.30. Shown the SWR for (a) monopole 1, (b)monopole  2, (c) monopole 3, and (d) 
monopole 4 of prototype III with single sided shield (top shield). 
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(a)                                                                             (b) 
 
(c) 
Figure 6.31. Shown the decoupling for antenna element 3. (a) S21, (b)S31, and (c) S41 
The decoupling results for the single sided shield (top shield) shows an average decoupling of 
– 17.71 dB for nearest neighbour and – 18.14 dB for next nearest neighbour. 
 
Table 6.11. Decoupling values in dB for prototype III using the single sided shield (top shield). 
Antenna 
elements 
1 2 3 4 
1  -17.57  -18.17  -17.91 
2 -17.92  -18.15 -18.46 
3 -17.72 -17.36  -17.48 
4 -18.13 -18.21 -17.93  
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Table 6.12 shows the measurement of field strength for different shield types. These 
measurements are done in four different positions of the monopoles.  
 
Table 6.12. Field strength for prototype III using different shield types  
Shield 
type 
Position of 
measurement, 
cm from 
bottom of the 
antenna 
Field strength (dB) 
Antenna 
element 1 
Antenna 
element 2 
Antenna 
element 3 
Antenna 
element 4 
Three 
sided 
inclined 
5 -19.30 -20.51 -18.93 -21.43 
15 -12.33 -14.28 -13.21 -13.76 
25 -13.24 -15.57 -14.32 -15.67 
35 -25.34 -23.45 -24.55 -24.98 
Three 
sided 
straight 
5 -22.34 -21.22 -23.45 -22.97 
15 -14.56 -15.66 -14.57 -15.69 
25 -15.14 -16.22 -15.46 -17.12 
35 -26.23 -24.57 -27.88 -26.45 
Double 
sided 
5 -24.33 -25.76 -24.32 -25.87 
15 -17.27 -18.34 -17.98 -18.65 
25 -18.35 -17.58 -18.76 -17.87 
35 -29.88 -30.23 -28.97 -29.55 
Single 
sided 
5 -28.23 -27.95 -27.47 -28.47 
15 -20.87 -21.61 -20.19 -21.49 
25 -22.91 -20.96 -21.38 -20.47 
35 -31.48 -32.87 -31.59 -32.78 
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6.6.5 Received field efficiency for prototype III 
Table 6.13 shows measured field strength at the centre of the array for different shield type 
using the prototype III. These measurements was done using the loop coil at the centre of the 
array. 
Table 6.13. Receiving field strength for prototype III using different shield types  
Shield type Field strength (dB) at the centre of array 
Three sided inclined -18.3 
Three sided straight -22.6 
Double sided -27.7 
Single sided -31.8 
 
As we know that the higher the field strength at the receiving end results in higher efficiency 
of the antenna array. So, we can say that the prototype III with three sided inclined shield has 
the potential of being highly efficient. 
6.7 Discussion 
The above results reveal the best performance of the MAA with three sided inclined shield. 
Previously in Chapter 3 we have compared our design with the conventional RF coil and found 
better results. Here, in this chapter we have the results for our proposed MAA with different 
configurations.  
Prototype I has provided us the understanding of tuning, matching and decoupling of different 
elements of the proposed monopole antenna array. Prototype I has been tested in threee 
different steps-without any external circuitry, with tuning and matching circuit and finally with 
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a combination of tuning, matching, and decoupling circuit. The improvement is evident in 
every steps. For the prototype without external circuit the average decoupling value is -9.5 dB 
and return loss is -10.1 dB. Both of the values are below the standard value of -10 dB and -14 
db respectively. Inclusion of tuning and matching circuit improved these values and the average 
become -14.17 dB for return loss and -12.68 dB for decoupling (Table 6.2). Which means the 
improvement is 40% for returm loss and 33% for decoupling. After adding the decoupling 
circuit the average return loss become -14.40 dB and decoupling become -16.03 dB (Table 3). 
Almost 26% improvement is evident in the case of decoupling after the inclusion of decoupling 
circuit along with the tuning and matching circuit. As our target was to understand the tuning, 
matching and decoupling issues using the monopoles, results of prototype I provided 
informations needed. As the size of this prototype is smaller with smaller diameter, the 
elements are situated close and have higher crosstalk between themselves. So, if we want to 
use smallers sized prototype, it needs to be combined with proper tuning and matching and 
decoupling circuit. 
As prototype II has bigger dimension than the prototype I, it has better decoupling values 
without any external circuit. Here, the average decoupling value is -16.06 dB (Table 6.4) which 
is similar to the results we have found with prototype I with external circuits. This happens 
because of the bigger dimension of the prototype II. Here, the elements are situated far away 
compared to prototype I. 
Prototype III without shielding has an average decoupling value of -17.2 dB and return loss of 
-16.47 dB (Table 6.6). These values are better comparing with the prototype I and II. As in the 
prototype II the elements distance is higher than other prototype, the improvement par 
expectation.  
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After adding the three sided inclined shield with prototype III the average decoupling becomes 
-24.65 dB (Table 6.8). As the shield the isolating the array elements from three different sided, 
the crosstalk between themselves minimises. The average decoupling value with three sided 
straight, double sided and single sided shield (top shield)s are -20.2 dB (Table 6.9), -
18.88dB(Table 6.10), and -17.9 dB (Table 6.11), respectively. 
Table 6.7 and 6.12 show the field strength for prototype II and III in four different positions. 
For both of the cases the better strengths are found for 15 cm and 25 cm and the average values 
are -20.92 dB and -22.68 dB for prototype II and -13.95 dB and -14.7 dB for prototype III with 
three sided inclined shield, respectively. As the array is built for human head imaging, the 
position of the head centre will be in between 15 to 25 cm. so, the higher field strength in this 
position will increase the array performances. 
Comparing the results in terms of impedance matching, SWR and decoupling it is evident that 
MAA with the three sided shield is the one which can possibly replace the conventional RF 
coil. The main cause of the superiority of the three sided inclined shield is its geometry. We 
came to know that the shielding effectiveness is dependent on the shape of the source and shield 
(Chapter 4). Here, the three sided inclined shield has a shape which is able to accumulate the 
signal into the centre and also cover a wider distance comparing the three sided straight. This 
means, it can protect more signal to go outside and hence the field strength is also increased. 
 
6.8   Conclusion  
The purpose of this chapter was to understand the performance of the proposed antenna array 
for different configurations. We started with smaller prototype and achieved a prototype which 
is able to image human head. We have also tested different shielding types with the proposed 
prototype. All the necessary bench testings are also done and the results are presented. From 
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the results we found the advantage of using three sided inclined shield in increasing the 
impedance matching and decoupling. The field strength is also increased. These results show 
potentials of monopole antenna array with three sided inclined shield to be used as a 
replacement of the conventional RF coil for 7T. 
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Chapter 7: Discussion and conclusion 
 
7.1   Overall discussion 
We investigated about the potential use of monopole antenna array with the aim of improving 
radio frequency coil field homogeneity and reducing power deposition in Chapter 3 and this 
was our first aim of the research. We have also investigated how the number of array elements, 
shielding and loading influence the field homogeneity and specific absorption rate and, 
compared monopole antenna array and birdcage coil simulation results of different number of 
rungs at both 3 T and 7 T. In addition, we fabricated a 4 element 7 T monopole antenna array 
and performed bench testing to assess coil sensitivity and decoupling between elements. As 
expected, field homogeneity degrades with an increase in field strength, however by increasing 
the number of elements and number of excitation ports, some loss in field homogeneity can be 
recovered. We found our monopole antenna array design to have a higher sensitivity than the 
birdcage coil design, implying lower transmit power can be used and thereby the specific 
absorption rate reduces as well. Via bench testing we were able to show good overall sensitivity 
and decoupling between elements.  With the use of shielding, field homogeneity can be 
improved further. After finding out the positive effects of shielding in Chapter 3, we have 
investigated individual shielding in details in Chapter 4, which was the second aims of this 
research. We have investigated four different types of individual shields for each of the array 
elements. We tried different shield geometry to achieve the right combination with the 
proposed monopole array. After combining the individual shield with monopole array in 
Chapter 5, we have found that a proper shield can increase the field strength throughout the 
array element which is important for better imaging. The inclusion of individual shield also 
increases the decoupling between elements. Finally, Chapter 6 describes our aim of fabrication 
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and testing in details. This is the most important part of the research as the future directions 
depends on the results from the fabrication.  
 
7.1.1 Discussion on simulation results 
i. Number of array elements and excitation ports for monopole antenna array 
Degradation of field homogeneity with increasing the field strength from 3 T to 7 T is not 
unexpected since wavelength is shorter at higher fields [187]. Our results suggest that field 
homogeneity can be improved through the use of greater number of monopole antenna array 
elements (Fig 3.10 and Fig 3.11). As the magnetic field produced by the antenna array is the 
superposition of fields created by individual elements, an increase in the number of array 
elements results in smaller separation between elements, in turn leading to improved field 
homogeneity. Whilst this is true, a smaller distance between elements also leads to increased 
coupling between elements, which reduces overall coil efficiency. For this reason, a 
compromise between how many elements are used in the design and what level of mutual 
coupling is acceptable has to be reached. This trade-off between field homogeneity and mutual 
coupling can somewhat be overcome by using a smaller number of elements and increasing the 
number of excitation ports (Fig 12), as fields in individual elements become more stable 
through the use of more excitation ports. The best field homogeneity is achieved when all 
elements are excited individually. We should point out that in the monopole antenna array 
design with all element excitation, the phases between excited elements may be different, 
which can degrade field quality. Therefore, excitations of elements should be phased correctly 
to ensure that the best quality field can be delivered to the load. This might also be an 
advantage, as radio frequency field shimming could be used with the monopole antenna array 
(i.e. by adjusting excitation field amplitude and phase for each element [188]), whilst in the 
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birdcage coil design this is not possible as rungs are connected via an end ring and the 
amplitude and phase of the field produced by each rung cannot be changed by changes in the 
input signal amplitude and phase.  
ii. Shielding 
The addition of shielding to the monopole array can lead to two desirable outcomes (Fig. 13). 
Firstly, it can improve the field strength of the coil, which can be interpreted as lower power 
requirements for transmission and higher sensitivity for signal detection. Secondly, the use of 
shielding allows shaping of the field and we were able to demonstrate increased field coverage 
in the axial coordinate direction, as was shown previously [82].  
iii. Specific absorption rate 
The specific absorption rate of radio frequency energy in tissue increases with increased 
electric field strength either as a consequence of the coil design or increased input power, duty 
cycle and transmitter coil type, whilst increased loading generally leads to lower power 
deposition per unit volume. Additionally, field inhomogeneity can lead to the creation of 
localised hot spots, where high amounts of electric field concentrate to a specific region [189]. 
It is therefore important to design radio frequency coils with the highest level of field 
homogeneity. In comparison to the birdcage coil design, the monopole array design was able 
to deliver a higher level of field homogeneity across the imaging volume, thereby reducing the 
likelihood of localised tissue heating effects. We attribute this gain in field homogeneity to 
differences in how different designs are excited. That is, the birdcage coil design used 
quadrature excitation and the monopole antenna array design used all port excitation. 
Quadrature excitation is applied on one end ring of the birdcage coil configuration and not the 
other, hence larger fields are produced near the ports and lower on the other end ring. This 
effect becomes more prominent as coil frequency increases. 
 140 
7.1.2 Discussion on experimental results using monopole antenna array 
At MRI frequencies tuning is mostly performed through the use of variable capacitors, and 
geometry variations are used to a lesser extent [190]. Matching is usually controlled using a 
lumped-element circuit, although transmission-line schemes could be used instead [190]. We 
varied the geometry of the configuration for the purpose of tuning and matching. We were able 
to reach a good level of tuning and matching through successive adjustments of element lengths 
(tuning) and position of the feed point along the ground plate (matching). All elements were 
kept the same length. The standing wave ratio has been routinely used to measure how much 
input power is reflected. For systems fed using a 50 Ω coaxial cable and via the ground plane, 
a good level of matching can be achieved when standing wave ratio < 1.5 and return loss, S11, 
< -14dB [147]. Our fabricated 7 T monopole array was able to deliver a performance better 
than the benchmark (Results can be found in Chapter 6). 
The effectiveness of an antenna array relies on the level of independence achieved between 
individual antenna elements, and in reality, mutual coupling exists between elements. Mutual 
coupling should be minimised if it cannot be removed totally. A level of -10dB coupling 
between any two elements has been shown to be adequate for MRI applications [148]. A 
various number of decoupling methods have been developed, including the circuit voltage and 
receiving mutual impedance methods, lumped elements networks and magnetic wall 
decoupling, and these have been used in radio frequency application and antenna design [191, 
192]. We opted not to incorporate decoupling for individual elements, since the 4 element 
monopole array design was able to achieve a good level of decoupling simply through the 
spacing of elements and shielding provided by the load (decoupling between one element with 
respect to other elements ranged between -11.8 dB to -10.9 dB). However, a decoupling 
method, such as magnetic wall or shielding of individual elements, may be needed when 
number of array elements is increased. 
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7.1.3 Comparison with the existing methods 
Two different monopole antenna arrays have been proposed for ultra-high field MRI 
applications. Hong et al described an 8 element monopole array for 7 T MRI applications [135]. 
In their design a non-hollow ground plate was used, to which each of the 8 elements was 
connected.  Hence, one side of the array is closed (i.e. at the top of the head) and access to the 
field-of-view of imaging is through the opposite end. A large ground plate introduces eddy 
currents, and therefore, in their design the ground plate had to be broken into sections and 
connected using an excessive number of capacitors. Their mutual coupling values between 
elements were between -9.3 dB to -10.6 dB, which is higher than for our design. This difference 
may be explained by the use of 4 additional elements in their array, the impact of which is that 
elements are closer together. Nonetheless, we were still able to achieve reasonable decoupling 
between unshielded elements located at opposite sides of the array (-11.8 dB versus -10.6 dB). 
By utilising the individual shield, we can even achieve better decoupling. The highest 
decoupling we have achieve is around -26.94 dB by using three sided inclined shield while the 
minimum is -17.36 dB for single sided shield (top shield). In addition, we found better tuning 
and matching capability using the individually shielded monopole array in comparison to the 
unshielded array. The use of individual shielding was also able to improve monopole 
performance across the length of the conductor. 
Hong et al also showed that a monopole array can achieve higher and more symmetric 
sensitivity around the middle of the brain than a surface coil design and, the monopole array 
outperformed a dipole array in terms of sensitivity. The field produced by their layout is 
stronger at the top of the head, and weaker towards the neck. This is because each element is 
connected through the ground plate, which has to be at the top of head, and energy dissipates 
along the element. The field achieved around the middle of the head was significantly higher 
than around the cortex and skull. In our case, since the ground plane is a circular loop, we can 
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place it near the neck instead of at the top of the head. As such, we were able to produce a more 
homogeneous field across the brain and we do not have as pronounced field gradient in the 
axial direction.  
Woo et al proposed a different 8 element 7T MRI monopole array wherein they extended the 
effective sensitivity in the axial direction through the use of capacitors in each of the elements 
[134]. They used a ground plate similar to the one used by Hong et al, and in addition, shielded 
each of the elements of the array. These modifications did improve the field and sensitivity 
towards the neck, however mutual coupling between elements increased (in the range -7.7 dB 
to -6.7 dB) above the -10 dB needed to maintain image quality. Our monopole array work 
demonstrates that ground plane placement and how elements are connected play an important 
role in being able to deliver a high quality transmit field whilst having high sensitivity to the 
signal.  
 
7.1.4 Discussion on shielding 
The previously developed two sided shielding technique (named EMAS to extend field of view 
in the z-coordinate direction [14]) achieved a mean S11 of -17.8dB, which we were able to 
improve to -23.18 dB using specific three sided shields. Moreover, the S21 value using EMAS 
was in the range -6.1 dB to -7.5 dB, which does not meet the -10 dB requirement. The magnetic 
wall decoupling technique [15] used a tuning and matching circuit, and a decoupling circuit, 
and achieved an impressive -32 dB decoupling between coil elements. Whilst we were not able 
to match this value using our three sided shielded design, the value of -22.38 dB is sufficient 
for ultra-high field MRI applications. Notably, without the use of the magnetic wall decoupling 
circuit, the previous work was only able to achieve an decoupling value of -10 dB, indicating 
that the use of a decoupling circuit in our design would likely result in impressive decoupling 
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values as well. It is obviously one of the areas where we have chances to implement in future 
studies.  
The RF shielding theory has not been limited to the MRI or NMR studies but in many other 
fields. Gradiometers with self shield have been utilised in nuclear quadrupole for detecting 
buried landmines [193]. These gradiometers were actually surface coils with a shielding layer 
above the main resonator to avoid different radio frequency interference. Similar types of 
shielded radio frequency coils have been researched for MRI to reduce noise which generates 
outside the imaging object [194]. These shields only insulate a radio frequency coil element 
from the peripheral sources and cannot insulate neighbouring coils in the array as they are 
placed above the main resonator. Our proposed individual shield can isolate an element from 
the outer sources as well as from adjacent elements.  
Radio frequency shielding shielding has been used for half volume surface coil arrays to 
minimise radiation losses at high field [195]. They have added a shield with bigger radius than 
the surface coil array and this method was also not to reduce the mutual coupling between 
distinctive elements of the array. Shields for distinctive elements of a volume coil array has 
been used effectively for reducing aliasing to be used in manifold mouse imaging [172, 196, 
197]. Alagappan et al. [172] have demonstrated a radio frequency transceiver coil which has a 
copper ring to each array elements to reduce mutual coupling. This shielding technique was 
able to create a mean isolation of around 15 dB. Wu et al. [198] attained enhancements in 
decoupling between microstrips using an radio frequency shield outside of the radio frequency 
coil array and transmission cables. Moreover, Adriany et al. [199] further lengthened the 
shields for separating feeding cable of a capacitively decoupled radio frequency coil array up 
to the boundaries of the substrate to achieve isolation improvement of 3–5 dB. 
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Among the four different individual shielding techniques we have introduced in this study, two 
of them shields the array elements on every side that except the side facing towards imaging 
region which reduces radiation losses as well as mutual coupling between the array elements. 
 
7.2   Future plan 
We have provided results for a monopole antenna array design which can be used in transmit 
and/or receive mode. One of the limitations of this work is not including the scanning results. 
This project has now formed a foundation for a future project, wherein B1 efficiency and field 
distribution is further being fine tuned through the appropriate use of pTx technology. Future 
work, for example, could investigate the possibility of using a monopole antenna array design 
for transmit only in conjunction with receive only via loop coils. Such an approach may lead 
to better radio frequency transmit fields with improved flip angles of imaging across the entire 
brain. In addition, radio frequency coils capable of imaging at two different frequencies (e.g. 
targeting the hydrogen and sodium signals) may also be developed through the combined use 
of monopoles and loop coils. A double sided monopole array can also be studied where there 
will be two ground planes on opposite sides and will decrease the size of monopoles. This 
design will eventually increase the field strength throughout the antenna length. 
 
 
7.3 Conclusion 
Further developments in the area of proposed individually shielded monopole arrays may find 
application in 7T MRI, especially with the recent uptake of 7T for the clinic. The proposed 
individually shielded monopole antenna array is able to achieve better field homogeneity for 
ultra high field MRI without compromising the field strength. The field strength we achieve 
using the proposed array is better than the conventional RF coil. Moreover, the introduction of 
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individual shielding into the array system increases both of the homogeneity and the field 
strength. Besides, the proposed monopole antenna array along with the individual shielding are 
able to achieve high decoupling between the neighbouring elements. The proposed individual 
shielding also reduces the reflection of RF signal, which actually increasing the efficiency of 
the array in imaging. As monopole is a fairly new concept for 7T MRI, and further research is 
required before the potential of the approach can be realised. Notably, birdcage coils and loop 
based coils have had decades of developments which allowed them to become mature 
technologies for clinical uptake. 
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